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2Abstract
Low back pain is a common problem, which has been linked to repetitive lifting and high
loading. Previous studies investigating the relationship between lifting and spinal loads
have failed to consider the separate elements of the back. This study aims to compare
different lifting techniques (weightlifting and manual handling) using a multi-segmental
model of the spine.
The loading and movement characteristics of the lumbo-pelvic joint during sagitally
symmetric lifting were investigated. Kinematic and kinetic data were acquired with the
‘Flock of Birds’ electromagnetic sensors and a custom-built forceplate. Weighted boxes
and Olympic barbells were used to simulate occupational lifting and athletic weightlifting
respectively.
The results indicate a shift to back-driven lifting and a reliance on the momentum
of the upper body to move heavier weights. Over-extension of lumbar spine and pelvis
during the heavy lifts implies the increased role of the hip and back extensors in force
production. Moment did not increase significantly with load suggesting a physiological
limit to the moment that can be generated by the muscles; other factors must affect lifting
ability once this maximum has been reached.
A simultaneous study investigated the potential of the ‘balance board’ method for
measuring pelvic segment mass. Despite previous studies reporting the ease and accuracy
of this method for measuring segmental mass, the results were not deemed to be sufficiently
accurate for use.
This is the first study that attempts to compare lifting technique between subjects
with differing types and levels of training. Some training effects were seen to transfer be-
tween tasks. These findings would imply that a compromise might be reached, combining
the advantages of manual handling and competitive lifting, which could result in a safer
and more effective lifting technique. From a clinical perspective, this may be helpful in
both treating patients and reducing healthcare costs.
3Acknowledgments
I wish to extend my deepest thanks to my supervisors, Dr. Anthony Bull and Dr. Alison
McGregor for not only giving me the opportunity to pursue this work but also endless sup-
port and guidance throughout. It has been a pleasure to work with two such enthusiastic
and knowledgeable people.
To all my fellow ‘supervisees’ who are too many to name (mainly due to Anthony’s
attempt to take over the world!), thank you for putting up with me, my questions and gen-
eral ineptness. In particular, thanks to Andrew Murphy, Angelo Tardugno, Samson Chee,
Spyros Masouros and Dominic Southgate, whose combined knowledge of sport, program-
ming and general engineering know-how have been invaluable. Thanks to Margaret Yang
for the many chats about job-hunting, thesis-hell, growing-up but mainly about nothing
in particular!
Many thanks also to Richard Oxenham and the staff of the Chemical Engineering
Workshop who have invaluable in the construction and instrumentation of the forceplate.
I would also like to thank Dr Peter Cashman for his technical expertise and support
throughout my MSc and PhD.
To the members of Imperial College Boat Club, past and present, thankyou for
providing a much needed distraction from work, even though there is no doubt that I
could have finished this PhD much quicker if I hadn’t spent quite so much time with you
guys.
My friends and family have been unfaltering in their support and love. Thankyou
so much for keeping me sane and helping me to believe in myself. To Thor Maalouf, a
great friend and living proof that growing up is overrated. Last but definitely not least,
thanks to my Mum and Dad. I would never have been able to do this without you and I
hope that I have made you proud.
4Contents
Abstract 2
Acknowledgments 3
Contents 4
List of Figures 8
List of Tables 13
Abbreviations and Symbols 16
Chapter 1. Introduction 18
1.1 Linking low back pain and lifting . . . . . . . . . . . . . . . . . . . . . . . . 18
1.2 Aims and objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.3 Outline of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
Chapter 2. Summary of related work 21
2.1 Lifting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.1.1 Occupational lifting . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.1.2 Lifting and lowering . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.1.3 Weightlifting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.1.4 In vivo measurements of spinal loading . . . . . . . . . . . . . . . . 27
2.1.5 Effects of LBP on lifting . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.2 Anatomy of the back. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.2.1 Mechanics of the spine . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.2.2 Spinal stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.3 Gender differences . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.3 Justification of thesis hypothesis . . . . . . . . . . . . . . . . . . . . . . . . 34
Chapter 3. Mathematical Model of the lower body 37
3.1 A review of Biomechanical models . . . . . . . . . . . . . . . . . . . . . . . 37
3.1.1 Linked segment models (LSMs) . . . . . . . . . . . . . . . . . . . . . 38
3.1.2 Advances on LSMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
Contents 5
3.1.3 Soft tissue artefacts and sources of errors . . . . . . . . . . . . . . . 40
3.1.4 Lumbo-pelvic rhythm . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.2 The lower body model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.1 Outline of model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.3 Implementing the model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.3.1 Defining joint centres . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.3.2 Calculation of joint loading . . . . . . . . . . . . . . . . . . . . . . . 51
3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
Chapter 4. Anthropometric data 53
4.1 Review of current anthropometric measurement techniques . . . . . . . . . 53
4.1.1 Measurement techniques . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2 Applications of anthropometric estimation models . . . . . . . . . . . . . . 57
4.2.1 Summary of the effect of BSPs on kinetic analyses . . . . . . . . . . 58
4.3 Quantification of errors - A numerical analysis . . . . . . . . . . . . . . . . 61
4.3.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.4 A new regression model based on Dempster and Chandler’s results . . . . . 67
4.4.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.4.3 Discussion and conclusions . . . . . . . . . . . . . . . . . . . . . . . 72
Chapter 5. New anthropometric data for the pelvis 76
5.1 Theory of the balance board technique . . . . . . . . . . . . . . . . . . . . . 76
5.1.1 Traditional segment configurations and calculations . . . . . . . . . 78
5.2 Determining the mass of the pelvis . . . . . . . . . . . . . . . . . . . . . . . 80
5.3 Materials and Preliminary testing . . . . . . . . . . . . . . . . . . . . . . . . 82
5.3.1 New segment configurations . . . . . . . . . . . . . . . . . . . . . . . 83
5.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.7 Sensitivity analysis of the forceplate method . . . . . . . . . . . . . . . . . . 92
5.7.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.7.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.7.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
Chapter 6. Motion Analysis 99
6.1 Existing motion analysis systems . . . . . . . . . . . . . . . . . . . . . . . . 99
6.2 The Flock of Birds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
6.2.1 The operation of the Birds . . . . . . . . . . . . . . . . . . . . . . . 102
Contents 6
6.3 The FOB data capture system . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.3.1 The configuration sequence . . . . . . . . . . . . . . . . . . . . . . . 104
6.3.2 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.3.3 Data conversion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.4 Programming issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.4.1 Configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.4.2 Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
Chapter 7. Design and development of a kinetic measurement system 110
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
7.1.1 System Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . 110
7.1.2 Progression of system design . . . . . . . . . . . . . . . . . . . . . . 112
7.2 Existing force acquisition methods . . . . . . . . . . . . . . . . . . . . . . . 113
7.3 General forceplate design principles . . . . . . . . . . . . . . . . . . . . . . . 114
7.4 Original forceplate design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
7.4.1 Decoupling the horizontal load cells . . . . . . . . . . . . . . . . . . 116
7.4.2 Materials selection and construction . . . . . . . . . . . . . . . . . . 118
7.5 Data acquisition and processing . . . . . . . . . . . . . . . . . . . . . . . . . 121
7.5.1 Acquisition electronics . . . . . . . . . . . . . . . . . . . . . . . . . . 121
7.5.2 Analysis software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
7.6 Modifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
7.6.1 Issues with original design . . . . . . . . . . . . . . . . . . . . . . . . 122
7.6.2 Triangular forceplate . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.6.3 Final design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
7.7 Forceplate validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
7.7.1 Vertical testing and calibration . . . . . . . . . . . . . . . . . . . . . 127
7.7.2 Lateral testing and calibration . . . . . . . . . . . . . . . . . . . . . 130
7.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
Chapter 8. Experimental methods 134
8.1 Subject population . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
8.2 Testing protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
8.2.1 Digitisation of bony landmarks . . . . . . . . . . . . . . . . . . . . . 136
8.2.2 Defining maximum lifting ability . . . . . . . . . . . . . . . . . . . . 137
8.2.3 Main lifting task . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
8.3 Data processing and analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 141
8.3.1 Characterisation of key events . . . . . . . . . . . . . . . . . . . . . . 141
8.3.2 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
Chapter 9. Results 147
9.1 Lumbo-pelvic kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
Contents 7
9.1.1 Description of bar lifting technique . . . . . . . . . . . . . . . . . . . 149
9.1.2 Description of box lifting technique . . . . . . . . . . . . . . . . . . . 155
9.2 Lumbo-pelvic kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
9.2.1 Lumbo-pelvic moment . . . . . . . . . . . . . . . . . . . . . . . . . . 159
9.2.2 Lever arm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
9.2.3 Compressive and shear forces . . . . . . . . . . . . . . . . . . . . . . 165
9.3 Comparison between bar and box lifting . . . . . . . . . . . . . . . . . . . . 167
9.4 Subject group differences . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
9.4.1 Bar lifting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
9.4.2 Box lifting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
Chapter 10. Discussion 178
10.1 Data Acquisition and processing . . . . . . . . . . . . . . . . . . . . . . . . 178
10.2 Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
10.2.1 Lifting technique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
10.2.2 The effect of external load . . . . . . . . . . . . . . . . . . . . . . . . 184
10.3 Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
10.4 In search of the ‘Ideal’ lifting technique . . . . . . . . . . . . . . . . . . . . 188
10.4.1 ‘Bum shoving’: Good or bad?? . . . . . . . . . . . . . . . . . . . . . 192
10.5 Summary of findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
Chapter 11. Conclusions 194
11.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
11.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
11.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
Appendix A. Implementation of biomechanical model in MatLab 210
Appendix B. Technical drawings of the forceplate 222
Appendix C. Ethics 239
8List of Figures
2.1 Vertical component of ground reaction force during the lifting of a heavy
bar (from Enoka, 1979) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.2 Greater flexion of the spine results in a greater shear component in the
spinal coordinate frame for a given applied force. . . . . . . . . . . . . . . . 25
2.3 The anatomy of the spine . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.4 Buckling of the spine under loading (Clark et al., 2004) . . . . . . . . . . . 32
3.1 Simple linked-segment model representing the pelvis and back as a single link 38
3.2 Segmental model of the lower body (with position of motion sensors shown
in red) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.3 Free body diagram showing the forces and moments acting on the foot and
calf segments, where Mfoot and M calf are due to inertia . . . . . . . . . . . 45
3.4 Locating joint centres within the global co-ordinate frame using the digiti-
sation method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.5 Schematic of the functional method for determining hip joint centre using
a Bird (black rectangle) attached to the femur . . . . . . . . . . . . . . . . . 49
3.6 Tracking of the lower body joint centres using Calf and Pelvis Birds. . . . . 50
5.1 The determination of forearm mass using the balance board method (from
Chandler et al., 1975). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.2 The standard positions used in the balance board method, from Park et al.
(1998). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.3 The proposed posture for determining pelvic mass using the balance-board
method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.4 Diagram of the balance board set up. The top of the board is supported by
the forceplate and the other end with an un-instrumented wooden block. . . 82
5.5 Measurement of segment masses using conventional and new techniques.
(Pink card represents the balanceboard with the black stripe representing
the headrest.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
List of Figures 9
5.6 Segment masses measured using the conventional method plotted against
body mass. Linear regression model and coefficient of determination shown
in the margin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.7 Segment masses measured using the new method plotted against body mass.
Linear regression model and coefficient of determination shown in the margin. 89
5.8 Measured upper body mass and calculated pelvis mass plotted against body
mass. Linear regression model and coefficient of determination shown in the
margin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
6.1 Control, set-up and acquisition of data from the Flock of Birds sensors . . . 106
6.2 The Flock of Birds transmitter and sensor axes as defined by Ascension. . . 107
7.1 Forceplate with tri-axial transducers in each corner. Magnitude and loca-
tion of the ground reaction force, F, is determined from the forces in each
support. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
7.2 Arrangement of single-axis loadcells to achieve output in 3 orthogonal di-
rections. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
7.3 Precompression system consisting of Delrin side walls (shown in grey) and
screws (in red) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
7.4 The original forceplate design . . . . . . . . . . . . . . . . . . . . . . . . . . 120
7.5 Part of the LabVIEW program for converting raw voltage signals into out-
put forces, moments and centre of pressure. . . . . . . . . . . . . . . . . . . 122
7.6 Design and testing of a statically determinate triangular forceplate. (Shown
rotated 90 degrees left from orientation used in laboratory) . . . . . . . . . 124
7.7 Final forceplate design, using 9 load cells to account for all the lateral and
vertical forces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
7.8 The point loader - showing loading plate, vertical load shaft and frame . . . 127
7.9 Position of loading points for testing of the forceplate in the vertical direction128
7.10 Calibration coefficients for the load cells in the vertical direction plotted as
a function of applied load . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
7.11 Set up for testing of the forceplate in the lateral directions . . . . . . . . . . 131
7.12 Position of loading points for testing of the forceplate in the lateral directions132
8.1 Locating the epicondyles of the knee using the digitisation method. Land-
mark of interest indicated by the star and sensors by the red circles, one of
which is attached to a stylus (black rectangular object in photograph) . . . 138
8.2 Locating the hip joint centre using the functional method. The position of
the sensors are indicated by the red circles. . . . . . . . . . . . . . . . . . . 138
List of Figures 10
8.3 Diagrammatic representation of the lifting platform . . . . . . . . . . . . . . 140
8.4 Start and finish positions of the box lifting task. Position of the sensors
shown in red. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
8.5 Start and intermediate positions of the bar lifting task. Position of the
sensors shown in red. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
8.6 Schematic showing the flow of data from acquisition through processing to
output measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
9.1 Schematic defining segment orientation, θsegment, and joint angles . . . . . . 148
9.2 Pelvis segment orientation in the sagittal plane. . . . . . . . . . . . . . . . . 150
9.3 Lumbar spine orientation in the sagittal plane for two subjects lifting a light
and heavy bar plotted against normalised time. 1 = Phase 1, ‘bum-shoving’.
2 = Phase 2, ‘extension’. 3 = Phase 3, ‘rock-over’. RO1 = magnitude of
‘rock-over’ for light lift. RO2 = magnitude of ‘rock-over’ for heavy lift. OC
= magnitude of ‘over-correction’ (Three complete lifts shown.) . . . . . . . 151
9.4 Lumbo-pelvic joint angle plotted against normalised time for two subjects
lifting a light and heavy bar. Arrow 1 = slow extension phase (light lift).
Arrow 2 = rapid extension phase (light lift). Ex = extension phase (heavy
lift). Flex = flexion phase (heavy lift). * = possible loss of control. (Three
complete lifts shown.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
9.5 Lumbar spine orientation in the sagittal plane for two subjects lifting a light
and heavy box plotted against normalised time, showing the longer duration
of Phase 1, ‘bum-shoving’, at increased loads.(Three complete lifts shown.) 156
9.6 Pelvis orientation in the sagittal plane for two subjects lifting a light and
heavy box plotted against normalised time, showing the longer duration of
Phase 1, ‘bum-shoving’, at increased loads.(Three complete lifts shown.) . . 157
9.7 Lumbo-pelvic joint angle plotted against normalised time for two subjects
lifting a light and heavy box. 1 = slow extension phase (light lift). 2 =
rapid extension phase (light lift). Ex = extension phase (heavy lift). Flex
= flexion phase (heavy lift). * = loss of control. (Three complete lifts shown.)158
9.8 Moment acting about the lumbo-pelvic joint for light, medium and heavy
bar lifting plotted against normalised time for two subjects. Block ar-
rows indicate large initial increases in moment. Vertical and horizontal
line arrows indicate the magnitude and timing of the ‘double peak’. Three
complete lifts shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
List of Figures 11
9.9 Moment acting about the lumbo-pelvic joint for light and heavy box lifting
plotted against normalised time for two subjects. Block arrows indicate
large initial increases in moment. Vertical arrows indicate the difference in
finish moment between light and heavy lifts. Horizontal line arrows indicate
the timing of the ‘double peak’. Three complete lifts shown. . . . . . . . . . 163
9.10 Plot of the horizontal distance between weight and lumbo-pelvic joint
against normalised time for light bar lifts. Vertical and horizontal block
arrows, indicate initial and late increases in lever arm respectively. Line
arrows indicate the total change in lever arm. Three complete lifts shown
for three subjects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
9.11 Plot of the horizontal distance between weight and lumbo-pelvic joint
against normalised time for heavy bar lifts. Three complete lifts shown
for three subjects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
9.12 Plot of the horizontal distance between weight and lumbo-pelvic joint
against normalised time for light box lifts. Vertical block arrow indicates
increase in lever arm towards the end of the lift. Three complete lifts shown
for two subjects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
9.13 Plot of the horizontal distance between weight and lumbo-pelvic joint
against normalised time for heavy box lifts. Vertical block arrows indi-
cate increase in lever arm. Line arrows indicate a rapid reduction in lever
arm. Three complete lifts shown for two subjects. . . . . . . . . . . . . . . . 166
9.14 Pelvis and lumbar spine orientation in the sagittal plane for one Nurse
lifting a light and heavy bar plotted against normalised time. Horizontal
arrows indicate timing of maximum lumbar flexion, vertical arrows indicate
the change in pelvic angle and the star indicates the start of lumbar flexion.
(Three complete lifts shown.) . . . . . . . . . . . . . . . . . . . . . . . . . . 171
9.15 Lumbo-pelvic moment and lever arm for one Nurse lifting a light and heavy
bar plotted against normalised time. Vertical arrows indicate difference
in initial lever arm magnitude and horizontal arrows indicate timing of
maximum lumbo-pelvic moment. (Three complete lifts shown) . . . . . . . 172
9.16 Pelvis orientation in the sagittal plane for one Nurse and Weightlifter lifting
a light and heavy box plotted against normalised time. Horizontal arrows
indicate increase in pelvic angle and the black arrow highlights a sudden
change in orientation.(Three complete lifts shown, angles in degrees.) . . . . 173
List of Figures 12
9.17 Lumbar spine orientation in the sagittal plane for one Nurse and
Weightlifter lifting a light and heavy box plotted against normalised time.
Vertical arrow indicates a decrease in lumbar angle and the black arrow
highlights a sudden change in orientation.(Three complete lifts shown.) . . . 174
9.18 Lumbo-pelvic angle for one Nurse and Weightlifter lifting a light and heavy
box plotted against normalised time. Arrow 1 indicates a rapid change in
angle, arrow 2 indicates no change in angle and the black arrow highlights
a sudden angular acceleration. (Three complete lifts shown.) . . . . . . . . 176
9.19 Lumbo-pelvic moment for one Nurse and Weightlifter lifting a light and
heavy box plotted against normalised time. (Three complete lifts shown) . . 176
9.20 Plot of the horizontal distance between weight and lumbo-pelvic joint
against normalised time for one Nurse and Weightlifter lifting a light and
heavy box. Arrow 1 indicates an increase in lever arm and arrow 2 indicates
a rapid decrease in lever arm. (Three complete lifts shown) . . . . . . . . . 177
10.1 Effect of filter on calculated joint velocity . . . . . . . . . . . . . . . . . . . 181
10.2 Effect of filter on calculated joint moments . . . . . . . . . . . . . . . . . . 182
10.3 The continuum of start positions and related lifting movements as defined
by Sedgwick and Gormley (1998) . . . . . . . . . . . . . . . . . . . . . . . . 189
A.1 Master code to calculate loading at lower body joints . . . . . . . . . . . . . 211
A.2 Code to calculate ankle joint loading . . . . . . . . . . . . . . . . . . . . . . 218
A.3 Code to calculate sacral joint loading . . . . . . . . . . . . . . . . . . . . . . 220
13
List of Tables
4.1 List of input variables currently used in anthropometric models . . . . . . . 58
4.2 Summary of the four studies used in this analysis. (BM is body mass, BH
is body height, sBM is segment body mass, Ix,Iy and Iz are the moments
about the axes, CoG is the segment centre of gravity and MoI is the moment
of inertia. m, a and c are constants defining the relationship between Y,
BM and BH for each model.) . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.3 Summary of mass estimation errors based on Chandler et al.’s data and 4
regression models (Negative values indicate an over-estimation) . . . . . . . 64
4.4 Summary of mass estimation errors based on Dempster’s data and 4 regres-
sion models (Negative values indicate an over-estimation) . . . . . . . . . . 64
4.5 Summary of Moment of inertia estimation errors using Chandler et al.’s
data (Negative values indicate an over-estimation) . . . . . . . . . . . . . . 65
4.6 Summary of Moment of inertia estimation errors based on Dempster’s data
(Negative values indicate an over-estimation) . . . . . . . . . . . . . . . . . 65
4.7 2 parameter regression model with associated errors (α,β are mass and
weight respectively . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.8 Full regression model with associated errors (α,β, γ are mass,weight and
age respectively and KneeC is the circumference of the knee, CalfC is the
circumference of the calf, AnkleC is the circumference of the ankle and
FootL is the length of the foot . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.1 Physical characteristics of the volunteers for the body segment mass study. 85
5.2 Testing protocol for determining body segment mass using the conventional
balance board technique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.3 Testing protocol for determining body segment mass using the new balance
board technique. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
List of Tables 14
5.4 Summary of the results of the balance board testing. Average segment
masses expressed as a percentage of whole body mass with standard de-
viation in brackets. (Mass of HAT and pelvis determined using only one
method so data is not presented in separate columns.) . . . . . . . . . . . . 88
5.5 Results for the ’Sit up’ configuration. Arm, thigh and calf masses from
Pheasant’s model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.6 Characteristics of the ideal subjects for forceplate sensitivity analysis from
Pheasant (1986). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.7 Influence of errors in force on segment mass estimates with segment mass
in kilograms and relative percentage errors in brackets. . . . . . . . . . . . . 94
5.8 Influence of errors in segment length on segment mass estimates with per-
centage errors in brackets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.9 Influence of errors in position of centre of mass on segment mass estimates
with percentage errors in brackets. . . . . . . . . . . . . . . . . . . . . . . . 95
5.10 Influence of errors in joint angle on segment mass estimates with percentage
errors in brackets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.1 Conversion between data transmitted by the Flock of Birds and the original
binary value (Phasing and least significant bits highlighted) . . . . . . . . . 103
7.1 Calibration coefficients (Newtons/Volts) for vertical loading. Signal-
position calibration shown in Column ‘Av. 1’ and signal-force calibration
in Row ‘Av. 2’. Forceplate calibration value shown in bold, calculated as
the average of calibration coefficient for each load cell. . . . . . . . . . . . . 129
7.2 Hysteresis and noise errors at different vertical loads . . . . . . . . . . . . . 130
7.3 Calibration coefficients for lateral loading and unloading . . . . . . . . . . . 132
8.1 Characteristics of the volunteers for the lifting study, mean values and stan-
dard deviations in brackets . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
8.2 Outline of the ‘Maximum lift test’ for determining participant lifting capacity.139
8.3 Key variables selected for the assessment of differences across load conditions.146
List of Tables 15
9.1 Mean segment orientation and lift characteristics for bar lifting tasks. Dura-
tion of lift in seconds, dT (time delay between the start of the leg extension
and the vertical movement of the weight) as a percentage of normalised
time, velocity in radians per second, all other variables in degrees (n=7). A
significant difference between the light and heavy bars using a paired t-test
is represented by * if p<0.05 and ** when p<0.025 . . . . . . . . . . . . . . 154
9.2 Mean segment orientation and lift characteristics for box lifting tasks. Dura-
tion of lift in seconds, dT (time delay between the start of the leg extension
and the vertical movement of the weight) as a percentage of normalised
time, velocity in radians per second, all other variables in degrees (n=7). A
significant difference between the light and heavy bars using a paired t-test
is represented by * if p<0.05 and ** when p<0.025 . . . . . . . . . . . . . . 160
9.3 Mean and standard deviation of lumbo-pelvic moment for box and bar
lifting tasks. (S) denotes normalisation to system weight. (W) denotes
normalisation to external weight (n=6) . . . . . . . . . . . . . . . . . . . . . 161
9.4 Mean and standard deviation of ground reaction force and compressive and
shear forces acting at the lumbo-pelvic joint.(S) denotes normalisation to
system weight. (W) denotes normalisation to weight. A significant differ-
ence between the light and heavy bars using a paired t-test is represented
by * if p<0.05 and ** when p<0.025 (n = 7) . . . . . . . . . . . . . . . . . 168
9.5 Summary of ANOVA results, showing only parameters which reached sig-
nificance (n=7, except for moments where n = 6). + and ++ indicates that
second task was significantly larger than the first (p<0.05 and p<0.025 re-
spectively). - and - - indicates that second task was significantly smaller
than the first (p<0.05 and p<0.025 respectively). . . . . . . . . . . . . . . . 169
9.6 Key differences in bar lifting technique between rowers and nurses . . . . . 172
9.7 Key differences in box lifting technique between rowers, nurses and weightlifter175
16
Abbreviations and Symbols
A Arm segment (upper arm, forearm and hand
aSegmentx Linear acceleration of named segment in the x-direction
aSegmenty Linear acceleration of named segment in the y-direction
AJC Ankle joint centre
BH Body height
BM Body mass
BSP Body segment parameter
CF Calf and foot (knee to floor)
CH Anthropometric model developed by Chandler et al (1975)
CoG Centre of gravity
CoM Centre of mass
CoR Centre of rotation
D Anthropometric model developed by Dempster (1955)
dF Change in force, F
EMG Electromyography
FA Forearm arm and hand (elbow to tip of hand)
FoB Flock of Birds (electromagnetic position/orientation sensors)
F Jointx Component of force acting about named joint in the x-direction
F Jointy Component of force acting about named joint in the y-direction
g Gravitational force
HAT Head and trunk (vertex to lumbo-pelvic joint)
HJC Hip joint centre
IAP Intra-abdominal pressure
IDP Intra-discal pressure
IVD Inter-vertebral disc
KJC Knee joint centre
Abbreviations 17
L3, L4, L5 Third, fourth and fifth lumbar vertebrae
LBP Low back pain
L-P Lumbo-pelvic
LPR Lumbo-pelvic rhythm
LPJ Lumbo-pelvic joint
LSM Linked segment model
LSegment Length of named segment
Mbody Total subject mass
MSegment Mass of named segment
MSegment Moment of inertia acting about named joint
MoI Moment of inertia
MRI Magnetic resonance imaging
P Pelvis
S1 First sacral vertebra
SNR Signal to noise ratio
T12 Twelfth thoracic vertebra
Th Thigh (hip to knee)
U Upper body (vertex to lumbo-pelvic joint)
UA Upper arm (elbow to shoulder)
UB Upper body (vertex to hip)
Va Offset vector from the calf Bird to ankle joint centre
Vh Offset vector from the pelvis Bird to hip joint centre
Vk Offset vector from the calf Bird to knee joint centre
Vl Offset vector from the pelvis Bird to lumbo-pelvic joint
wSegment Weight of the named segment
xCoM Location of segment centre of mass
xSegment Location of named segment centre of mass with respect to the distal end
ZS Anthropometric model developed by Zatsiorsky and Seluyanov (1983)
Zat02 Anthropometric model developed by Zatsiorsky et al (2002)
18
Chapter 1
Introduction
1.1 Linking low back pain and lifting
Research has consistently reported the lifetime prevalence of low back pain (LBP) to be
in excess of 60-80% (and rising) in the general population with an annual incidence rate
of approximately 25% within the UK. This is estimated to cost the USA in the region of
$30 billion and the UK about 2 billion per annum, due to lost wages and productivity
as well as associated medical and compensation costs (Cole and Grimshaw, 2003). LBP
is clearly a major health concern and this has demonstrated the need to understand the
underlying causes and injury mechanisms.
LBP is often associated with repetitive lifting tasks (Campbell and Muncer, 2005).
Occupations that involve such actions - for example, manual workers and the medical
profession - have a greater risk of LBP (Marras et al., 1993; Svensson and Andersson,
1989). LBP is also a common musculoskeletal complaint amongst elite and recreational
athletes; rowing is a sport that has a higher than normal incidence rate of LBP (Bono,
2004). Large external loads combined with flexion of the back, as experienced during
lifting and rowing, induce greater spinal loading (Adams and Dolan, 1995).
Spinal loading is considered to be a major factor in determining LBP as it may
be used to predict the stresses on the spinal structures and hence the risk of injury. By
investigating the lifting techniques of both trained and untrained lifters, it may be possible
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to identify factors which lead to increased loading. This can provide an insight into injury
mechanisms and how lifting techniques change with training, lifting regularity and weight
lifted. An understanding of the factors that lower the stress on the back could help reduce
the risk of spinal injuries and subsequent LBP.
1.2 Aims and objectives
The aim of this thesis is to quantify the movement and loading at the lumbo-pelvic joint
during lifting motion. It will also investigate the differences in technique between trained
and untrained lifters. It aims to identify such differences in technique and the associated
changes in lumbar loading. This will require the lifting techniques to be quantified in
terms of lumbo-pelvic kinematics, movement sequencing of the lower body and loading at
the joints.
A novel biomechanical model and data acquisition system is developed to investigate
the loading and movement at the lumbo-pelvic joint. This allows differences in technique
to be identified from the analysis of kinematic and kinetic data.
The primary outcome measures are the characterization of the kinematics of the
lift and the body segment sequencing. The secondary outcome measure is the estimation
of tri-axial forces and moments at the lumbo-sacral joint during a lifting task.
An understanding of the lifting activity and how changes in technique affect loading
could help to determine the injury mechanisms and thereby identify methods of reducing
the lumbar load and risk of LBP. This may be of use in injury prevention schemes and in
rehabilitation programs to aid treatment of LBP.
1.3 Outline of thesis
This chapter has summarised the motivation behind this project and its aims. The role
of spinal loading and movement in determining back pain is investigated in Chapter 2. It
assesses some of the work previously undertaken in related areas and presents a selection
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of these results. Chapter 3 reviews the available methods for estimating joint loading and
introduces a novel mathematical model of the lower body.
Current anthropometric models are evaluated in Chapter 4, including the develop-
ment of a new estimation technique. Chapter 5 evaluates the balance-board method of
determining segmental body mass and demonstrates an original use of the technique for
the acquisition of subject specific data. Chapters 6 and 7 discuss the design, construction
and testing of equipment and software for data acquisition and processing.
The experimental protocol for acquiring, processing and analysising kinetic and
kinematic data is detailed in Chapter 8. The results of the study are presented in Chapter 9
and the implications of these findings are discussed in Chapter 10. Finally, the conclusions
drawn from this pilot study and some recommendations for future work are introduced.
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Chapter 2
Summary of related work
The clinical and social significance of studying low back pain (LBP) was introduced in
the previous chapter. Potential causes of LBP have been proposed. The majority of
known causes include structural or mechanical abnormalities such as disc degeneration,
spondylolysis, stress fractures and muscular or ligament sprains and strains. Repetitive
loading of the spine may be a risk factor in such musculo-skeletal injuries.
The aim of this chapter is to examine the role of spinal loading in relation to
lifting tasks and consider how the spine is able to sustain the large loads exerted on it.
In addition, the effect of LBP on the mechanics and movement of the spine is reviewed.
Finally, the literature supporting the hypothesis under test in this thesis is presented.
2.1 Lifting
2.1.1 Occupational lifting
It has long been hypothesised that repetitive lifting, such as manual materials handling,
is a risk factor for low back injuries which can result in LBP. Extensive research has been
done in this area to establish acceptable lifting limits and safe techniques to minimize the
risk of occupational injury. The load on the lumbar spine has been estimated at 980 N
during normal standing (Fung, 1991), this rises to over 5000 N when lifting a 13 kg weight
and in excess of 7000 N when lifting a 23 kg weight (Granata et al., 1999; Marras et al.,
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2003). Studies have looked at the effects of changing the load, lifting speed, fatigue, the
asymmetry of the lifting task and lifting technique; these are factors that are thought to
affect the forces in the lumbar joints (Davis et al., 1998; Granata et al., 1999; MacKinnon
and Li, 1998).
Many health professionals have advocated that we should ‘lift with the legs and
not the back’. The leg-driven or squat lift allows the load to be carried closer to the body,
thus minimising the moment arm of the load about the lower back. This technique reduces
shear force across the lumbar spine and the tension in the posterior ligaments (van Dieen
et al., 1999), but there is no substantial evidence to suggest that squat lifting is safer than
stoop lifting (back-initiated lift) as net moments are not reduced (Toussaint et al., 1992).
Stoop lifting has been shown to be the preferred technique when fatigued (Traffimow
et al., 1993). This suggests that as one muscle group becomes tired, the lifting motion
is altered to adjust the load distribution in the joints. With repetitive movement over a
sustained period of time, an increased flexion of the lumbar spine has been noted (Caldwell
et al., 2003; Sparto et al., 1997), which results in greater bending moments at the lower
back (Dolan and Adams, 1998). If the muscles are fatigued then these moments must
be resisted by the passive tissues, subjecting them to a greater risk of damage due to
overloading. Motion in the frontal and sagittal planes also increases (Sparto et al., 1997);
this is associated with the inability to control the load and leads to a loss of balance and
possible injury. These changes in muscle activation are not unique to fatigue.
As the load becomes heavier, the back extensors can no longer control the start of
the lift. The kinematics of the lift are changed, reducing the moment at the knee joints but
increasing the spinal moment (Schipplein et al., 1990). A delay in trunk extension forces
the more powerful quadriceps muscles to initiate and maintain the vertical movement
(MacKinnon and Li, 1998; Schipplein et al., 1990). Changes in the lumbar acceleration
profile are clearly seen with loading; the relationship between increased load and kinemat-
ics is examined in more detail in Section 2.2. The loss of trunk control combined with
the sudden changes in acceleration associated with lifting may increase the likelihood of
injury.
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Poor muscle or joint flexibility can also affect the lifting technique. For example,
poor conditioning of the muscles in the legs and pelvis can force the lifter to bend forward
from the back rather than from the hips. This places an unnecessary load on the back as
the lumbar flexion increases the tension in the posterior ligaments in the back and hence
the compressive load on the spine (Dolan and Adams, 2001).
Asymmetric lifting tasks also increase spinal loading. More muscles are recruited
in order to effect and control the movement; this increase in coactivity increases loading
(Marras and Granata, 1997b). Muscle coactivation is discussed in greater detail in Sec-
tion 2.2. Lateral flexion or torsion places an uneven or localized stress on the annulus
of the intervertebral discs, increasing the likelihood of injury (Dolan and Adams, 2001).
Spondylolysis, a defect or stress fracture in the posterior neural arch of the vertebrae, is
associated with rotations or torsions against an external load as this places an extra load
on the neural arches.
The loading estimates presented above are based on laboratory work. These experi-
ments are not an accurate representation of events in the work place. In that environment,
there may be distractions or obstructions which can cause the lifter to lose concentration
on the task at hand. This may result in changes in lifting technique and might increase
the probability of injury.
2.1.2 Lifting and lowering
Only a limited number of studies have investigated the loading of the spine when a weight is
being lowered. Lowering is not the inverse or opposite of lifting as these are both dynamic
activities. This movement requires the body to control the gravity-induced acceleration of
the weight whilst returning it to the ground; if this is not controlled then it may influence
the risk of injury.
Davis et al. (1998) found that lowering strength was greater than lifting strength.
This indicates that lowering tasks are more likely to be demanding on the body if the
rules of physiological optimisation of the spine hold true. Lowering tasks were found to
exert a lower shear force but a greater compressive force than lifting. The authors also
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noted a significant difference in technique, with the load carried closer to the body during
lowering to reduce the moment arm and hence shear forces. EMG recordings show that
there are also differences in muscle coactivity.
Fewer muscles are recruited during lowering than in lifting and the greater inertial
effects of lifting results in a larger lever arm compared to lowering (de Looze et al., 1993).
However the lowering phase carries a higher risk of injury as the muscle-induced moment
is generated by a smaller number of muscles leading to an increased localised loading.
2.1.3 Weightlifting
Figure 2.1: Vertical component of ground reaction force during the lifting of a heavy
bar (from Enoka, 1979)
The basic weightlifting action may be divided into phases according to force pro-
duction, Figure 2.1. The first pull, where the weight is lifted off the ground, is slower and
more controlled, whilst the second pull is caused by an explosive motion which produces a
greater amount of force in a smaller period of time; this is the key phase of the lift (Souza
et al., 2002). The first pull is used to lift the bar to the knees and realign the lifter’s
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body in preparation for the second stage, placing the body in a better power-producing
position. This allows more force to be developed by the dominant knee extensors, which
are stronger than the hip extensors, by re-employing them over their optimum range of
motion (Brown and Abani, 1985). It also reduces the lever arm of the external load and
hence decreases the moment in the hips and back (Enoka, 1979).
Body orientation and hence the effective moment arm of the load can influence
spinal loading. There are two starting positions that are commonly used in weightlifting:
the narrow conventional stance and the wide (or sumo) stance. The lifter stands with
their feet shoulder-width apart in the conventional narrow stance; the bar is lifted with
the arms on the outside of the knees. Lifters employing this technique tend to exhibit more
flexion of the lumbar spine (Cholewicki et al., 1991); this increases the shear component
of loading on the spinal column, Figure 2.2. In the wide stance, the lifter stands with
the feet wide apart and grips the bar with the hands passing between the knees. This
technique allows the weight to be held closer to the body; this reduces the moment arm
by up to 10%.
Figure 2.2: Greater flexion of the spine results in a greater shear component in the
spinal coordinate frame for a given applied force.
The results of Cholewicki et al. (1991) are in agreement with those of Granhed
et al. (1987). The lever arm between the weight and the L3 disc is the most significant
contributing factor to the compressive load in the disc. For a bar of 335 kg, the change of
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moment arm from 29 cm to 45 cm increases the spinal load by almost 10 kN to 36.4 kN.
This load is experienced at the start of the lift when the lever arm is greatest.
Technique may be quantified by comparing the knee joint forces (a measure of
the force exerted by the body in order to move the weight) and the system weight (the
combined weight of the lifter and the bar) (Souza and Shimada, 2002). This ratio can be
used as a measure of lifting efficiency; an increase in the ratio would suggest that technique
has become flawed and less efficient. Other measures of technical proficiency include power
production and movement sequencing.
Power production could be a performance-limiting factor and is dependant on the
athlete’s physiology and skill. Enoka (1988) showed that experienced lifters increase the
average power output when faced with a larger weight, whilst their less experienced coun-
terparts increased the peak power only. Thus, the ability to generate power alone is not a
characteristic that can be used to discriminate between lifters; the experienced lifter varies
the timing of power in order to complete heavier lifts.
Inexperienced lifters have not developed the necessary skill to lift consistently;
Brown and Abani (1985) demonstrated that they showed more variability in measures
of timing and maximum acceleration. This contradicts the findings of Granata et al.
(1999), who found that in occupational lifting the level of experience did not reduce the
variability. However, skilled lifters experience greater forces and inter-segmental moments;
this appears to be directly related to the magnitude of the weight lifted, as external load
is the most significant factor in determining joint forces (Brown and Abani, 1985).
Given the large external load, the body is subjected to enormous forces during
competitive weight lifting. Cholewicki et al. (1991) estimated the average compressive
force and moment at the L4-L5 joint to be 12.6 kN and 714 Nm or 6.4 kN and 365 Nm
in men and women respectively. The spinal tissue tolerances are considered later in this
section and reasons why the spine is able to sustain such loading are also discussed.
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2.1.4 In vivo measurements of spinal loading
A few studies have attempted to measure the spinal loading ‘in vivo’ by inserting a pressure
sensitive needle into the nucleus of the inter-vertebral disc. The intradiscal pressure (IDP)
in the healthy L4-L5 disc during standing was measured as 0.5 MPa, which approximates
to a loading of 800 N (Sato et al., 1999). Wilke et al. (1999) found similar results,
reporting the loading during standing to be 0.5 MPa and flexed standing to be 1.1 MPa
(approximately 800 N and 1760 N, respectively).
IDP was found to be highly dependant on joint angle, forming a roughly positive
linear relationship with trunk flexion angle. Thus, a leg driven lift has a lower IDP than
a back lift (Wilke et al., 1999). Other factors influence IDP, for example, loading history,
disc degeneration and posture (Dolan and Adams, 2001).
IDP has been shown to be directly proportional to external load in cadaveric porcine
tests, with a load of 200N resulting in an increase in pressure of 0.25 MPa (Ekstrom et al.,
2004). However, an external load of 20 kg resulted in a 0.6 MPa increase in thoracic IDP
in living subjects (Polga et al., 2004). This would suggest that there is some trunk muscle
activation, which stabilizes the spine and in doing so, increases IDP (see Chapter 2.2.2).
A relationship between moment arm and IDP has also been demonstrated (Polga
et al., 2004; Wilke et al., 1999); thoracic IDP rises from 1.4 MPa (holding weight with
arms straight and by the side of the body) to 2.3 MPa when a 20 kg weight is raised such
that the elbows are at 90◦ flexion (Polga et al., 2004).
Sato et al. (1999) measured a lower IDP in degenerated discs than in healthy discs.
For the same external load, this would mean that the surrounding tissues would be under
greater loading as the disc is unable to sustain the forces that are exerted on it.
These ‘in vivo’ studies provide limited data due to the small number of participants.
The validity of the measurements may also be disputed as the participants were aware of
the needle inserted into their backs and may have completed the activities with a greater
degree of caution than they would otherwise exhibit. The method used only allows a point
measure, and does not permit pressure mapping to show changes in stress levels. From a
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mechanical point of view, it is likely that stress gradients and localised stress cause damage
and injury, as such, these studies provide a limited contribution to the understanding of
injury mechanisms. For this reason, net forces and moments are not directly related to
the risk of injury. Rather it is the stress within individual tissues that determines the
likelihood of injury (Dolan and Adams, 2001).
2.1.5 Effects of LBP on lifting
O’Kane et al. (2003) proposed that previous history of LBP was the greatest predictor of
further occurrences and that poor back endurance is the greatest predictor of LBP. This
suggests that the mechanics of the spine has been altered or compromised by the onset
of LBP. Principal component analysis has been able to determine differences in body
kinematics and lifting patterns between those that go on to develop LBP within a two
year period and those who didn’t (Wrigley et al., 2005).
Further, it has been shown that the mobility of the spine and hips are significantly
reduced in back pain sufferers, forcing movement strategies to be altered to compensate
for the limited movement (McGregor et al., 2002; Shum et al., 2005).
Patients suffering from LBP were found to activate their muscles for a longer period
of time when compared to their asymptomatic counterparts, in order to complete a given
task; this increases the effective loading on the spine and as such is speculated to increase
the risk of future injury (Ferguson et al., 2004). This increased trunk muscle activity
also suggests that there is a greater need to stabilize and control the spine earlier in the
lift for LBP patients and that the control mechanism has been changed or compromised
(Ferguson et al., 2004). Neuromuscular control of the region is vital for the maintenance
of trunk posture, efficiency of movement and prevention of injury (Saunders et al., 2005).
These LBP related changes in the recruitment pattern and body kinematics have been
reported elsewhere (Lariviere et al., 2000).
Lumbo-pelvic rhythm (LPR), the relationship between pelvic rotation and lumbar
spine orientation, has been shown to be a factor in LBP (McGregor et al., 2002, 2005;
O’Sullivan et al., 2003). It was demonstrated that rowers presenting with a history of
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LBP had a stiffer lumbar spine and achieved their range of motion by compensating with
greater rotation of the pelvis or of the thoracic spine (Bull and McGregor, 2000).
Correct use of LPR could reduce the overall loading of the spine. In locomotion,
the internal rotation of the pelvis decreases the horizontal forces on the body by reducing
the linear displacement between the foot and the body centre of mass (Saunders et al.,
2005). A similar effect of reducing the effective moment arm can be expected in lifting
tasks.
2.2 Anatomy of the back.
The mobility of the spine is a factor in overloading-related injuries. The lumbar spine is
highly mobile but the sacrum has limited or no movement since it is fixed through the
sacro-iliac joints to the pelvis. This sudden change in mobility through the spinal column
combined with the high loading often experienced at this joint means that it is susceptible
to injury and degeneration. As such degeneration is most commonly seen at the L5-S1
or T12-L1 joints. The facet joints and the tension in the ligaments and muscles limit the
range of motion, providing stability to the spine. Excessive extension can damage the
facet joints whilst flexion can damage the ligamentous structures. Poor posture can lead
to stretching and weakening of the ligaments that support the spine; this can increase the
risk of injury or LBP. Trauma or mechanical failure of the spinal structure can also result
in LBP.
2.2.1 Mechanics of the spine
The mechanical properties of the spine are clearly a vital factor in determining the risk
of injury due to overloading. The critical load of the lumbar spine was estimated to be
95 N by extrapolation from cervical spine measurements (Panjabi et al., 1998). Cadaveric
tests have shown that the soft tissues alone (ligaments and muscles) can passively resist
loads of over 500 N in shear and 55 Nm in bending and torsion. Failure has been shown to
occur at a loading of 1000 N in shear and bending loads of 95 Nm, by the separation of the
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superior end plate from the vertebral body (Miller et al., 1986). The vertebral column is
able to resist substantial compressive and shear loads but is unable to resist high bending
moments.
Regular weight bearing exercise can promote osteogenesis and increase bone density
for improved mechanical properties. The repetitive loading creates micro-damage and
forces adaptive remodelling of the bone over time; this theory was originally proposed by
Julius Wolff in 1892. These benefits are limited to the lumbar spine, which is thought to
be the site of greatest loading. It is believed that forces at other sites are insufficient to
reach the strain threshold needed to induce an osteogenic effect (Morris et al., 2000).
Micro-damage of the annulus fibrosus can occur at approximately 45% of their
maximum tensile load (Green et al, 1993 as cited by Dolan and Adams, 1998); continued
loading can lead to tears in the annulus or muscular sprain. As damage can occur at such
low loads, if a subject has a low range of motion then they may be operating closer to the
elastic limits of their soft tissue structures thus increasing the chances of injury (Caldwell
et al., 2003). However, estimates of tensile strength from static studies are also likely to
be inaccurate as spinal tissues are non-linear, visco-elastic materials; this property means
that load sharing between tissues can vary with load and loading rate (Dolan and Adams,
2001).
Spinal geometry plays a large part in determining the effectiveness of the load
bearing tissues. Connective tissues, such as the fascia and supraspinous ligaments, are
more superficial than the muscles in the back and hence have a greater moment arm
about the joint centre of motion, Figure 2.3. The more they contribute to balancing the
load, the less compressive stress is placed on the spine. Tissues with a short moment arm,
for example, the intervertebral ligaments, would tend to increase the compressive loading.
The use of connective tissues requires passive tension, which is controlled by the geometry
of the spine such as the degree of lordosis (Gracovetsky et al., 1987).
A flexed spine can generate a larger extension moment by virtue of the muscles’
length-tension relationship (Daggfeldt and Thorstensson, 2003). Flexion-relaxation, the
apparent lack of muscle activity in the back extensors at full flexion, is further proof of
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(a) Anterior view of the vertebra and ligaments
(b) Cross sectional view of the spine (Moore and Agur, 1995)
Figure 2.3: The anatomy of the spine
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the shift from muscular moment to passive tissue strain, to take advantage of the longer
moment arm of the ligaments (Schipplein et al., 1990). Ligaments are more effective at
balancing loads whereas muscles provide mechanical stability and are used to alter the
curvature of the spine to allow the ligaments to be engaged (Gracovetsky et al., 1977).
Lordosis and trunk flexion angle are related; this optimizes the stress distribution
within the osteoligamentous structures to protect the spine from injury (Gracovetsky
et al., 1990). Lordosis is a function of external load; motion of the lumbo-pelvic joint is
greatest when unloaded and reduces as the loading is increased (Gracovetsky et al., 1990).
Knee flexion forces the pelvis to rotate posteriorly to reduce the lordotic angle (Dolan
and Adams, 2001). A positive linear relationship between knee flexion and lumbo-sacral
moment has been established; this occurs at the cost of reduced stability and increased
knee moments (Delisle et al., 1998).
2.2.2 Spinal stability
Spinal stability is the resistance of the trunk, or more specifically, the vertebral column,
to bending moments that can cause buckling and hence injury, Figure 2.4.
Figure 2.4: Buckling of the spine under loading (Clark et al., 2004)
It was originally proposed that increased spinal stability could be accomplished by
two mechanisms; an increase in intra-abdominal pressure (IAP) or antagonistic muscle
coactivation. It has now been shown that IAP is very small compared to the external load
and hence cannot provide a substantial counter moment to the applied load (Marras and
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Mirka, 1996); IAP is a by-product of muscle co-contraction and not a mechanism for load
relief, but it may play a part in increasing the stability of the spine. IAP may be used to
assess spinal loading, to assist extensor moment or to increase the pressure on the spine
to create a stronger arch (Marras and Mirka, 1996).
Co-contraction of trunk flexors and extensors can add protection by improving the
stability of the spine, but adds to spinal loading which is a factor in LBP (Cholewicki
et al., 1997; Granata and Marras, 2000). Co-contraction exists to maintain or increase
spinal stability (Gardner-Morse and Stokes, 1998; Granata and Wilson, 2001; Quint et al.,
1998) even in neutral spine postures (Cholewicki et al., 1997) and at low trunk moments
(Granata and Marras, 2000). EMG activity is evident in all postures and increases with
trunk asymmetry but decreases with trunk flexion. This would suggest that the spine
is very unstable in an upright twisted position as the muscles are activated more highly
to provide additional support(Granata and Wilson, 2001). Thus, it is the appropriate
recruitment of the trunk muscles which permits the stable support of extremely large
loads on the spine (Quint et al., 1998).
Increased spinal loading is associated with antagonistic co-contraction (Cholewicki
et al., 1997). In order for co-contraction to be considered beneficial, the biomechanical
stability must increase more than the compressive spinal load. If this were not the case,
then it may be possible for co-contraction to generate loads that cannot be stabilized.
The cost-benefit of co-contraction has been investigated by Granata and Marras (2000).
They hypothesized that the stability margin (difference between maximum stable load
and applied load) would increase with muscle co-contraction. The results indicate that
the spinal compression increased by 18% (equivalent to an increased loading of 440 N)
whilst the stability increased by up to 64%. This represents an increase in the spinal
tolerance, the ability to sustain loading without injury, of almost 3000 N. They concluded
that co-contraction reduced the risk of stability failure. If the joint stiffness of the spine
is reduced then more muscle activity would be needed to maintain stability (Cholewicki
et al., 1997). Changes in muscle activity can be indicators of a loss of stiffness as, for
example, as a result of injury.
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On the other hand, the additional spinal stability owing to antagonistic co-
contraction is associated with increased fatigue rates (Gardner-Morse and Stokes, 1998).
The erector spinae muscles can protect the spine from excessive flexion but as they become
fatigued, the compressive force that they impose on the spine decreases. The stiffness and
bending moment of the spinal column are reduced, and the increased risk of spinal buckling
or injury returns.
2.2.3 Gender differences
Gender differences are seen in the lifting kinematics, muscle activity patterns and levels of
spinal loading. Females have a lower lifting strength when compared to males. This may
be due to smaller muscle cross-sectional area, differences in muscle orientation and other
anthropometric factors, which results in a lower force generating capacity. Women tend to
recruit secondary muscles, such as the hip flexors, to offset the main load (Marras et al.,
2002). The use of these obliquely orientated muscles increases antagonistic coactivity and
changes the loading, in particular, by increasing the shear component.
Females exhibit greater movement of the hips during lifting. This reliance on the
pelvic muscles may imply limited strength capacity in the lumbar region. Despite the use
of secondary antagonist muscles in females which increases loading, compressive loads are
higher in males. This is due, in part, to the greater upper body mass of a male which
increases the spinal load. However, it has been suggested that women have lower spine
tolerance levels (Ja¨ger et al., 1991), and so are at more risk of injury compared to their
male counterparts when presented with the same lifting tasks (Marras et al., 2003).
2.3 Justification of thesis hypothesis
A link between lifting tasks, spinal loading and low back pain has been established. Oc-
cupations that involve repetitive lifting, for example, manual workers and the medical
profession, are likely to be at greater risk of LBP (Marras et al., 1993; Campbell and
Muncer, 2005; Svensson and Andersson, 1989). Recent studies show that up to 87% of
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nurses suffer from LBP (Karahan and Bayraktar, 2004).
LBP is also a common musculoskeletal complaint amongst athletes. Bahr et al.
(2004) found that 63% of the rowers surveyed reported having had incidences of LBP.
Rowing is a sport identified with a higher than normal LBP incidence rate (Bono, 2004);
this may be due to the large external load combined with the flexion-extension of the back
during rowing. Such movements are known to be related to greater spinal loading (Adams
and Dolan, 1995).
The forces on the spine during occupational lifting and sport have been the subject
of many investigations. For an average male, the load on the L3 vertebra was estimated to
be 1.0 kN when standing (Fung, 1991) and in excess of 5.0 kN when lifting a 13 kg weight
(Granata et al., 1999); this value rises to over 7.0 kN when the weight is increased to 23 kg
(Marras et al., 2003). In nursing, a high-compression patient-handling task imposes an
average load of 4.3 kN on the spine (Skotte et al., 2002). During rowing, the lumbar load
is often in excess of 4.5 times the body weight, approximately 6.0 kN (Morris et al., 2000),
and in the extreme case of competitive weight-lifting, estimated loads of up to 36.4 kN
have been reported (Granhed et al., 1987). Spinal loading is considered to be a major
factor in predicting spinal injuries and LBP symptoms.
One would expect that a greater lumbar load would result in a larger localised force
on the spinal structures and this would correlate with an increased prevalence of LBP;
however, there is nothing to suggest that weight-lifters have a higher rate of incidence
compared to athletes who train with a lower weight. Indeed, some report the rate of LBP
incidence to be just 23% in weight-lifters (Bono, 2004) compared to 63% in rowers (Bahr
et al., 2004). In contrast, Skotte et al. (2002) noted that there is a high prevalence of LBP
in the healthcare profession despite the total external load lifted per day being lower than
other occupations with a similar prevalence rates. This suggests that weight-lifters use
a different technique to lift, which may reduce the localised loading on the spinal tissues
and hence the risk of injury.
It is proposed that by investigating the lifting techniques of trained lifters (weight-
lifters) and that of untrained lifters such as rowers and nurses, it may be possible to identify
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factors that lead to increased loading. This will require the simultaneous acquisition of
force measurements and measurement of lower body segmental motion. The kinetic and
kinematic data can be inputted into a mathematical model to estimate the forces and
moments at the lumbo-pelvic junction. Analysis of the results may provide an insight
into injury mechanisms, in particular, how lifting techniques change with training, lifting
regularity and weight lifted. Hence this study may identify the factors that can lower the
stress on the back thus reducing the risk of injury and LBP.
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Chapter 3
Mathematical Model of the lower
body
In this chapter, a simple representation of the lower body is presented that enables the
calculation of joint forces, given the kinematics of the body segments and the ground
reaction forces acting at the feet. Details of this model are given including the assumptions
and simplifications made, the definition of body segment end points and the estimation of
loading at the joints.
3.1 A review of Biomechanical models
It is difficult to measure spinal loading ‘in vivo’ as this requires invasive techniques; these
can present ethical issues. As a result, mathematical models have been developed as
a method of estimating load. They are often used to analyse the kinetics or potential
for injury of occupational tasks (Lavender et al., 2003; Sparto et al., 1997) or sports
(Cholewicki et al., 1991; Holt et al., 2003; McGregor et al., 2004, 2005).
Most models are simplifications, representing the body as a series of rigid segments
linked by frictionless joints; these are known as linked-segment models (LSMs), Figure 3.1.
Only a few use a multi-segmental representation of the spine.
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Figure 3.1: Simple linked-segment model representing the pelvis and back as a single
link
3.1.1 Linked segment models (LSMs)
Linked segment models are used to calculate forces and moments indirectly using readily
available anthropometric, kinematic and kinetic data. This is an inverse dynamics solu-
tion which looks at net summation of muscle activity and external loading at each joint.
However, the validity of such assessments are only as good as the model itself; therefore,
accurate measurements of the segment mass, centre of mass (CoM), joint centres and
moment of inertia (MoI) are required. Simple static models consider only the external
load and the segmental orientation and CoM. The addition of body segment acceleration
allows a dynamic analysis; this technique accounts for segmental moments of inertia. The
characteristics of the segment (such as mass, CoM, geometry and inertial properties) can
be determined from anthropometric data. These models use linear and angular equations
of motion to estimate inter-segmental forces.
Kinematic data can be acquired in a number of ways. The position of the segments
can be recorded using imaging techniques, goniometers or position sensors. The accelera-
tion of the segments can be obtained by taking the second time derivative of the position
data or by using accelerometers. Kinetic data is often acquired using floor mounted force
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plates. The ground reaction forces measured in this way are used in a ‘bottom-up’ model
where the force in the ankle is the starting point of the kinetic analysis. A ‘top-down’
model uses the weight lifted in the hands as the external force. Upward modelling was
designed for use in gait analysis; downward models were developed for studying lifting
tasks, as the use of a force platform can restrict feet motion and hence force the lifter to
adopt a position that is unnatural. However, downward models assume that there is no
relative motion of the vertebra or curvature of the spine; this may create significant errors
in the estimation of the forces acting on the lower body.
3.1.2 Advances on LSMs
Modifications may be made to increase the accuracy of the model, for example, by increas-
ing the number of links, the addition of electromyographic (EMG) data or consideration
of muscle co-activation. These techniques, however, greatly increase the complexity of
the model and hence the time and computational power needed to calculate loading.
Anatomical models, which detail the musculature, investigate loading by measuring mus-
cle recruitment during an action. The muscle sizes and relative alignments are determined
via cadaveric techniques or imaging, whilst muscle activation is assumed to be proportional
to the EMG signal. Such models have been used to investigate the role of the abdominals
in torso flexion (McGill, 1996) and the difference in loading between lifting and lowering
motions (Davis et al., 1998).
EMG models must take into account the contribution of connective tissues in
supporting loads, especially in highly flexed postures due to the flexion-relaxation phe-
nomenon. The passive tissues (such as the lumbodorsal fascia, supraspinous ligament,
tendons and intramuscular connective tissue sheaths) are able to support a large propor-
tion of the bending moment; their role during lifting may be inferred from EMG measure-
ments. Neural networks (NNs) use training data sets to teach the model the relationship
between EMG and net torque. Inputs such as trunk angle or angular velocity can be used
to modify this relationship.
Each model has its own limitations and as such, none can be considered to be
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‘correct’. Studies have compared the relative accuracy of the models and have found that
the differences between techniques is affected by lifting speed and style (Kingma et al.,
2001).
3.1.3 Soft tissue artefacts and sources of errors
A major source of error in human motion analyses is soft tissue artefacts, also known as
skin movement artefacts; this affects all measurement techniques that use skin mounted
sensors. The artefacts are defined as the movement of the marker relative to the underlying
bone, as a result of the skin and muscle deformations or contractions required to produce
limb movement. This leads to errors in the kinematic data as the sensors measure the
combined segment and muscle displacement and not the true segment orientation. It is
clear then that soft tissue movements can invalidate assumptions of segment rigidity.
These artefacts may be eliminated by using a bone mounted sensor or imaging
techniques to measure movement. However, these are associated with ethical problems,
such as exposure to ionising radiation or invasive methods. It is difficult to correct for
such errors as the artefacts are task- and subject-dependant, being related to both muscle
mass and muscle tone. The errors have been shown to be greatest at the thigh, with up
to 31 mm muscle displacement detected (Stagni et al., 2005), but are not significant in
movements about the flexion-extension axis of the lower limb due to the large range of
motion (Leardini et al., 2005). However, choice of marker position could reduce artefact
errors; by using bony landmarks such as the front of the calf or knee, muscle movement is
minimised.
Many models presume that the joints are frictionless. This is not an unjustified
assumption as synovial joints are known to have an extremely low friction. Values as low
as 0.005 have been quoted (Charnley, 1960 as cited by Scholes et al., 2004). Joint moment
is required to overcome the frictional forces; this dissipates energy and reduces net torque.
The net moment calculated by the frictionless model is likely to be an underestimate of
true joint loading. From basic mechanics, it is seen that the forces needed to overcome
friction increases with the reaction force between the two objects. One can deduce that
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as joint reaction force increases (for example, due to additional weight being lifted), the
accuracy of the model decreases.
As discussed previously, EMG can only determine what proportion of the load is
being supported by which muscle but not that the muscles are supporting the entire load.
This is because it cannot directly measure the passive tissue contribution. Phenomena
such as flexion-relaxation, the decrease in torque or EMG readings during a full range
trunk flexion movement, suggests that the passive tissues play a role in equilibrating force
(Toussaint et al., 1995). Passive tissue contribution is dependant on geometry as the
tissues only work under tension. Thus, the accuracy of EMG models could vary over the
range of motion of the activity under investigation.
Antagonistic co-contraction of the trunk muscles is necessary to achieve spinal
stability especially in the upright position (Granata and Marras, 2000); this imposes an
additional load on the joints. Therefore, models which do not account for antagonistic
muscle activation will underestimate the joint loading.
3.1.4 Lumbo-pelvic rhythm
Occupational lifting has been studied extensively, to investigate the effects of external
loading, technique, lifting speed, lift height and asymmetry. There is a major flaw in
many models to date, in that the spine and pelvis are treated as a single straight rigid
element with the hip acting as the joint between the back and the legs (Brown and Abani,
1985; Cholewicki and McGill, 1996; Granata et al., 1997).
The spine consists of vertebrae that can move relative to one another; there are
four major curvatures in the adult spine. Since loading is dependant on the position and
motion of segments relative to each other; the use of a non-flexible model is likely to
produce inaccurate measures of spinal loading as it cannot account for changes in spinal
geometry. Limited work has been done on lumbo-pelvic motion (Bull and McGregor,
2000; McGregor et al., 2004, 2005); by separating the back into pelvic and lumbar spinal
segments, it is possible to produce a more anatomically correct model of the lower back,
which represents the events occurring during motion more realistically and leads to more
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accurate estimates of spinal loading.
This novel approach to spinal kinematics is not often applied to lifting; indeed,
lumbo-pelvic rhythm, the relative movement of the pelvis and lumbar spine, is overlooked
in many models of the spine. In this thesis, a new model is proposed which aims to use
a multi-segmental representation of the pelvis and lower back to produce more accurate
measurements of spinal motion and to estimate the loading at the L5-S1 joint.
3.2 The lower body model
Figure 3.2: Segmental model of the lower body (with position of motion sensors shown
in red)
This is a five part LSM of the lower body (Figure 3.2) modified from Bull and
McGregor’s rowing model incorporating the foot, calf, thigh, pelvis and lumbar spine
segments (Bull and McGregor, 2000). The novelty of this model lies in the separation of
the pelvis and lumbar spine segments. The joints under investigation are the ankle, knee,
hip and L5-S1 (labelled as sacrum in the figure for clarity).
The kinetic data is acquired using a custom built forceplate (see Chapter 7) and
the kinematic data from the Flock of Birds (FoB) system (see Chapter 6). This method
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uses the inverse dynamics, upward modelling technique. The downwards model, originally
designed for lifting tasks, cannot be used here due to increased complexity of the model.
This would have required a detailed representation of the cervical, thoracic and lumbar
spine kinematics if the model is to be able to estimate lumbo-pelvic loading accurately.
The lower body, on the other hand, is more suited to the LSM technique and by making
the force plate suitably sized, any problems with restricting feet positions are overcome.
Only one side of the body is represented; calculations of the pelvic and lumbar
loading assumes symmetry about the mid-sagittal plane. No muscle or ligament forces
are included in this model. It considers only the gravitational and external loading and
movement sequencing and their effect on the joint loading.
The assumptions and simplifications made in this model are:
1. All segments are rigid, linear links of fixed length - the underlying bone does not
flex or change in length, there may be some soft tissue movement but this is not
sufficient to invalidate this assumption.
2. Each segment has a fixed mass located as a point mass at its centre of mass, CoM
- this is an idealization of mass distribution. (This point also corresponds to the
centre of gravity, CoG, in the vertical direction.)
3. The joints are simple hinge or ball and socket joints and are frictionless, with a fixed
centre of rotation, CoR - joints have a very low coefficient of friction and any changes
in the position of CoR are small relative to the length of the segment.
4. The location of the CoM remains unchanged during movement - muscle contractions
and movement are not sufficiently large to cause a change in mass distribution and
hence CoM.
5. The mass moment of inertia, MoI, remains unchanged about the CoM during move-
ment.
6. The model is symmetrical about the mid-sagittal plane - the lifting task under inves-
tigation is sagitally symmetric and therefore it may be assumed that the movement
3.2 The lower body model 44
of the left-hand side mirrors that of the right-hand side.
7. The force acting on the pelvis is twice that acting at the hip due to thigh segment -
the force acting at on each hip are equal due to symmetry and these forces must be
sustained by the pelvis.
The Flock of Birds are a set of electromagnetic position and orientation sensors
(referred to as Birds) which have been used in rowing studies (Holt et al., 2003; McGregor
et al., 2004, 2005); its accuracy in measuring spinal motion has been validated using MRI
imaging by Bull and McGregor (2000). The sensors are attached to the body using medical
grade adhesive and further secured using elasticised bandages. This ensures that the
sensors do not become detached from the body during movement and minimises movement
of the sensor relative to the segment. The rigidity criterion allows us to assume that the
offset between the surface mounted sensor and the underlying bone remains unchanged;
hence, the sensor measures the true position and acceleration of the segment.
The segments are derived from their joint centres. These are defined as an offset
vector from the nearest Bird using a functional or digitisation method. For example, the
position of the thigh is determined by firstly defining a vector from the segment endpoints
(knee and hip joints) relative to the nearest Bird (on the calf and pelvis, respectively).
The kinematics of the thigh can be calculated from the position of either the calf or
pelvis sensor using vector summation. This method has been chosen so that the rigidity
assumption is not invalidated by the large soft tissue movement expected at the thigh.
The Birds attached to the calf, pelvis and lumbar spine can give the kinematics of the
segments directly as soft tissue movement is limited; however, to maintain consistency,
the segment endpoints are calculated from a digitisation method (Section 3.3.1).
3.2.1 Outline of model
This 2-dimensional model of the lower body uses Newtonian equations of motion and Euler
mechanics to calculate the forces and moments acting at each joint. A free-body diagram
can be drawn for the foot and ankle (Figure 3.3). The force acting on the foot is measured
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Figure 3.3: Free body diagram showing the forces and moments acting on the foot
and calf segments, where Mfoot and M calf are due to inertia
directly by the force plate; inverse dynamics is used to calculate the loading at the ankle.
Taking the foot as the origin of the loading, the inter-segmental forces and moments
acting at the ankle are:
F ankley = m
foot × afooty − F toey −mfoot × g (3.1)
F anklex = m
foot × afootx − F toex (3.2)
Mfoot = Ifoot × αfoot (3.3)
M = F toex × Y toe − F toey ×Xtoe + F anklex × Y ankle − F ankley ×Xankle (3.4)
Mankle =M −Mfoot (3.5)
where ‘F’ is the force component, ‘m’ is the mass of the segment as determined from
anthropometrics, ‘a’ is the acceleration derived from position data, ‘g’ is gravitational force,
‘M’ is the moment, ‘I’ is moment of inertia about the CoM, ‘α’ is angular acceleration and
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‘Y toe, Xtoe, Y ankle, Y ankle’ are the vertical and horizontal distances of the CoM from the
toe and ankle.
A similar set of equations are written for the remaining segments, with each using
the output forces from the previous calculations as the input for the next. This forms a
recursive set of analyses as the reactive forces and moments caused by an adjacent link
are added to the kinetics of the link in question. The input forces at the pelvis are twice
the thigh output forces to account for the contribution of both left and right legs. Thus
the inputs into the model are:
1. The force, moment and effective centre of pressure as measured by the force plate.
2. The position of the joint centres. Differentiation of the position data with time will
give velocity and acceleration.
3. Anthropometric data from literature (mass, CoM and MoI estimation).
The outputs of the model are:
1. The inter-segmental forces and moments at each lower body joint (the ankle, knee,
hip and lumbo-sacral joints).
2. The detailed description of the motion of each body segment (the lower leg, thigh,
pelvis and lumbar spine).
3. The trajectory of the body centre of mass during lifting.
3.3 Implementing the model
3.3.1 Defining joint centres
This study uses 2 methods to locate the joint centres relative to the reference Birds at-
tached to the body during the test; digitisation and the functional method. This allows a
subject-specific representation of the lower body and removes the need to rely on anthro-
pometric data to determine segment length. In addition, the issues of soft tissue movement
at the thighs are no longer significant.
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The digitisation method
A Bird is attached to a stylus of fixed length and the tip of this stylus is placed on a
bony landmark on the body which is associated with a joint centre of rotation e.g. the
lateral epicondyle of the knee. This stylus is manipulated around through a wide range
of motion, whilst maintaining the contact between the tip and the bony landmark. The
‘cloud’ of recorded positional data must lie on a spherical surface with a radius equal
to the stylus length and must be centred about the tip, Figure 3.4(a). A sphere fitting
process calculates the position of the tip and hence the bony landmark in space. A unique
offset vector between an adjacent fixed Bird (e.g. on the calf) and the landmark may be
determined. The position of the joint in space at any time is then the vector summation of
this offset and the reference Bird’s position and orientation within the global co-ordinate
frame, Figure 3.4(b).
The functional method
This is based on the same principle of sphere fitting but is only used for the hip joint
centre. No stylus is required; the ‘test’ Bird is attached directly to the thigh and the limb
acts as a stylus. The origin of the ‘cloud’ of points is assumed to be the centre of rotation
of the hip joint, Figure 3.5. The offset vector is taken from the reference Bird on the pelvis
to the calculated joint center. The hip joint centre can then be tracked continually.
Protocol
Birds are securely fixed to the calf and pelvis; these are the reference Birds. A third
Bird is attached to the stylus and the following points are digitised: lateral and medial
epicondyles of the knee and the lateral and medial malleoli of the ankle. The test Bird is
then strapped onto the thigh segment and the functional test performed by moving the leg
through its full range of motion. The mid-point of the epicondyles is assumed to be the
knee joint centre and the offset vector (Vk) from the calf Bird determined, Figure 3.6(a).
Similarly, the mid-point of the malleoli is the ankle joint centre, where Va is the offset
vector from the calf Bird. Vh and Vl represent the vectors from the pelvis Bird to the hip
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(a) Schematic showing the location of an anatomical landmark relative
to a fixed reference Bird using a stylus-mounted Bird
(b) Vector summation of reference Bird location and offset vector to determine
joint centre position
Figure 3.4: Locating joint centres within the global co-ordinate frame using the digi-
tisation method.
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Figure 3.5: Schematic of the functional method for determining hip joint centre using
a Bird (black rectangle) attached to the femur
joint centre and the base of the lumbar spine, Figure 3.6(b).
Joint centre calculation
Programs written in LabVIEW were used to calculate the offset vectors (Offsets.vi) and
then apply these vectors to the Bird data to compute the position of the joint centres
(JointCentreOutputs.vi)1. Offsets.vi uses a three point moving averager to smooth
the data before sphere fitting. The lateral and medial data files are processed separately;
a sub-routine calculates the mid-point. Finally, the vector between the joint centre and
the nearest reference Bird is computed using position and orientation data. These 4 offset
vectors are used in JointCentreOutputs.vi to calculate the true joint centre location
during the lifting protocol.
1Courtesy of Samson Chee, Dept of Bioengineering and Division of Surgery, Imperial College
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(a) Offset vectors from the Calf Bird (black rectangle) to the calculated Knee
and Ankle joint centres (red and black cross) as determined from the digitised
anatomical landmarks.
(b) Offset vectors from the Calf and Pelvis Birds to the Ankle, Knee, Hip and
Lumbo-pelvic joints.
Figure 3.6: Tracking of the lower body joint centres using Calf and Pelvis Birds.
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3.3.2 Calculation of joint loading
Programs were written in MatLab 2 to implement the model and estimate the forces on the
lower spine. The master program, forcefilter.m, contains a number of subroutines which
calculates segment parameters and then performs the analysis of joint loading starting from
the foot. The user-interface requires details of the subject (weight, height and gender),
the name of the file containing their kinetic and kinematic data and the position of the
forceplate within the global coordinate frame relative to the FOB system.
The position of the front of the foot is defined as the location of the forceplate
centre of pressure in the X- and Z- axes and level with the top of the forceplate as it
assumed that the foot does not leave the ground. This is a further simplification that has
been made to avoid a multi-segmental model of the foot that could account for the shift
in pressure from the centre of the foot during flat-footed standing and the ball of the foot
when the ankle is raised off the ground.
Segment masses and MoI are calculated by the anthrodata.m subroutine.
ForceAnkle.m extracts the relevant segment parameters for the foot, the positions of
the foot and ankle and the forceplate loading data. Finite differentiation is used to calcu-
late the segment acceleration and hence the forces and moment acting at the ankle.
The next sub-program (ForceKnee.m) uses the results of ForceAnkle.m to cal-
culate the loading at the knee, again extracting the required kinematic and anthropometric
data. The remaining joint moments are calculated in the same way, feeding the results of
each sub-program into the next (Appendix A). The accuracy of this model was checked
by inputting a simple series of forces and joint positions and comparing the output to the
known loading.
3.4 Summary
A bottom-up LSM of the lower body has been developed and coded in Matlab that allows
the calculation of the forces and moments at the ankle, knee, hip and lumbo-pelvic joints
2Version 7.3.0.267 (R2006), The MathWorks Inc., Massachusetts, USA
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based on the ground reaction force and the kinematics of the joint centres. This model
was tested and is used in Chapter 8 to assess the forces experienced by the body during
simple lifting tasks.
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Chapter 4
Anthropometric data
In order to apply the model described in Chapter 3, anthropometric data are required for
the subjects. These can be provided by estimation or regression models. Therefore, the aim
of section 4.1 is to review the development of anthropometric measurement techniques and
to assess the state of the art in body segment parameter (BSP) estimation in order to make
proposals for the anthropometric modelling of the lifting activity. Section 4.2 investigates
the application of anthropometric models whilst Section 4.3 quantifies the estimation errors
introduced by some popular models. Finally, a new method for anthropometric estimation
is tested in Section 4.4.
4.1 Review of current anthropometric measurement tech-
niques
Anthropometric data characterizes variances in human physique, for the purpose of iden-
tifying individuals and to present a statistical description of a population. Historically,
such data has been used to provide body size information for clothing and equipment or
workspace design. Increasingly, this data has been employed in biomechanical analyses to
model the human body more realistically as a linked-segment system. The mechanical ap-
proximation must faithfully represent the true anatomical structure; hence, it is essential
to know the BSPs, especially when modelling dynamic activities, as these may affect the
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kinetic analysis.
For the most part, anthropometric measures can be determined easily with a tape
measure and weighing machine; segmental moment of inertia (MoI) are not so readily
available. These have been estimated by the systematic dissection of cadavers (Chandler
et al., 1975; Clauser et al., 1969; Dempster, 1955), immersion techniques (Dempster, 1955;
Park et al., 1998), forceplate or balance board methods (Chandler et al., 1975; Clauser
et al., 1969; Dempster, 1955; Park et al., 1998; Pataky et al., 2003), geometric modeling
(Kingma et al., 1996; Pavol et al., 2002; Sarfaty and Ladin, 1993; Shan and Bohn, 2003)
and the use of medical imaging (Cheng et al., 2000; Durkin et al., 2005, 2002; Ganley and
Powers, 2004; Zatsiorsky, 2003).
4.1.1 Measurement techniques
Balance boards and dissection techniques were widely used in the 1800s but it was not
until Dempster’s seminal work of 1955 that a comprehensive source of segmental data was
available. This research was driven by the need to model Air Force personnel and aircraft
work-space design. As such, it provides standard BSPs (segmental mass, length, volume,
centre of mass (CoM) and moment of inertia), as well as extensive information on range
of movement, individual joint motion, its relation to underlying bone geometry and the
design of mechanical linkages to model the joints.
Dempster (1955), Clauser et al. (1969) and Chandler et al.’s (1975) data present a
detailed description of the body; this has historically been used to form basic regression
equations for estimating BSPs. However, these cadaveric studies are associated with four
major limitations. They were performed on a limited number of elderly Caucasian male
subjects, as such, the results may not be applicable to younger males or females. Secondly,
the validity of using dead tissue to approximate the properties of living tissue has not been
proven. Additionally, the data often differs due to inconsistencies in segmentation methods
between researchers. This creates problems with comparing or combining data sources.
Also, the fluid and tissue loss during the segmentation process has not been quantified
or accounted for in the results. Despite its shortcomings, the cadaveric method is often
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considered to be the ‘gold standard’ as it is the only way to measure BSPs directly.
Indirect measurement methods are also associated with errors or limitations. Gen-
erally, an assumption must be made about one property (usually segment density) before
other parameters may be calculated. Nevertheless, the development of techniques such as
water displacement and geometric modelling was significant because it allowed BSP esti-
mation in living subjects. Displacement methods are used to establish segment volume,
from which segment mass and CoM can be estimated (Park et al., 1998), whilst geometric
methods model the body as a series of simple shapes using anthropometric measures to
determine their dimensions (Kingma et al., 1996).
The profile-scanning method employed by Shan and Bohn (2003) is essentially an
extension of the geometric method. Potentiometers are used to scan the surface of the
body and this is reconstructed to a 3-D structure using discrete cylinders. From this,
segment lengths and volumes may be determined and inertial parameters estimated using
constant density assumptions.
The balance board technique is based on the changes of relative centre of pressure as
a limb segment is moved; it assumes that either centre of mass or segment mass is known.
It has been shown to be quick and easy to use whilst remaining sensitive to population
differences and providing patient-specific data (Park et al., 1998; Pataky et al., 2003).
Recent developments in imaging techniques have allowed the measurement of tis-
sue distribution within the body, thus removing the need to assume that segments have
a uniform density. Dual energy X-ray (DEXA) images can be segmented by attenuation
values into two components, bone and soft tissue (Durkin and Dowling, 2003) or 3 com-
ponents, bone, soft tissue and fat (Ganley and Powers, 2004). These images visualise
the joints clearly making segment endpoints easier to identify, reducing inter- and intra-
subject errors. Segment length is determined from the endpoints and mass is calculated
from volume measurements and estimates of tissue density. Further processing provides
estimates of segment CoM, moment of inertia and radius of gyration.
Cheng et al. (2000) used MRI images to produce a 5 component description of
each segment. Tissue mass was calculated by multiplying the tissue volume by its density.
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Then CoM and inertia values were derived. The subjects were Chinese and deviations from
the values quoted by Dempster were observed in all parameters. This clearly highlights
the need to use subject-specific data and that different estimation models are required
dependant on subject gender, age and race.
Estimation models fall broadly into three types; the geometric model as described
above, the proportional model and the ones based on regression equations. In the pro-
portional model, the segment masses and lengths are often given as a fraction of total
body weight and height, with other parameters expressed as a function of these values.
The simplest method to estimate body parameters is to measure the subject’s height and
weight then assume that their body segments account for the same proportion of height
and mass as that given by these studies. Regression equations can provide a more accurate
measure by using more than one variable (such as segment circumference and breadth) to
adjust the body segment parameters.
Whilst Dempster’s work is considered by many to be the ‘gold’ standard (Zat-
siorsky and Seluyanov, 1983), it may not be appropriate for the purposes of this study.
These early studies were performed on elderly men and hence the data may not be ap-
plicable to other population groups. The magnitude of the errors associated with using
general anthropometric data is under dispute. Such models are often applied to women
by extrapolating the data; this technique has not been validated. Durkin and Dowling
(2003), amongst others, claim that the errors increase substantially when data is applied
to subjects with anthropometric characteristics that are different from the mean of the
population on which the study is based. As such, it is suggested that specific regression
equations are needed to account for age, gender, race and body shape. An analysis of
the relative errors associated with using models from different sources is presented in this
chapter.
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4.2 Applications of anthropometric estimation models
Those wishing to use an anthropometric model are faced with a huge number of possible
sources from which they must choose the one that is most suitable for their study. The
two most fundamental questions are: Is there a single model which can predict all the
required parameters? Are the necessary input variables available for the desired outputs?
For most biomechanical analyses, which require inertial data, it is unlikely that a
single model will suffice. Combining sources to produce a ‘complete’ data set is associ-
ated with errors occurring as a result of segmentation differences or variations in study
population demographics.
Further complications arise if there are female subjects or if segmental data is
required for the torso as the available data is limited. In general, extrapolation techniques
are used to estimate female data from cadaveric data; this method has not been validated.
The same is true of models that apply cadaveric data to young subjects. The accuracy of
such models has yet to be verified.
Factors which could influence the accuracy of models are listed in Table 4.1. Models
range from very simple regression equations requiring only a few inputs, such as body
weight and height (Chandler et al., 1975) to more complex, subject-specific representations.
These are likely to require more measurements (Cheng et al., 2000; Hatze, 1995; Shan and
Bohn, 2003), more specialized technology and ultimately more computational power. One
must then consider the cost-benefit of increasing accuracy.
There is an inherent problem with all estimation models, in that the true values of
the BSPs are never known. As such, use of the term ‘accuracy’ is a misnomer. One can only
judge the relative errors between models but not the absolute error. As discussed earlier,
the cadaveric methods used by Chandler et al. (1975) and Dempster (1955) are considered
the gold standard as each body parameter can be measured directly and independently.
Yet the data from these studies are limited. This is forcing researchers to use these sources
on men and women of all ages despite widespread agreement that estimation models should
only be used on subjects whose characteristics are similar to those on which the model is
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Table 4.1: List of input variables currently used in anthropometric models
Variables Reference
Age Durkin and Dowling (2003); Ganley
and Powers (2004); Jensen and Fletcher
(1994); Park et al. (1998); Pavol et al.
(2002)
Height Chandler et al. (1975)
Weight Dempster (1955)
Gender Durkin and Dowling (2003); Park et al.
(1998)
Race Cheng et al. (2000); Park et al. (1998);
Shan and Bohn (2003)
Type of activity modelled Fantozzi et al. (2005); Pearsall and Costi-
gan (1999)
Speed of activity modelled Rao et al. (2005)
based. The errors associated with this are investigated at the end of this chapter.
The most pressing issue though, is that of the effect of using incorrect or inaccurate
BSPs; should it be determined that different BSPs have little influence on the kinetic anal-
ysis, then the act of increasing the accuracy of the anthropometric model would become
superfluous. The debate on this matter is summarized in the next section.
Until a consensus is reached on the effect of BSPs on joint kinetics or an easily
implemented subject-specific model is developed, it would be unwise to use a single esti-
mation model for kinetic analyses. Undeniably, the most comprehensive data set for the
older male population is that of Chandler et al. (1975) or Dempster (1955), whilst for their
younger counterparts, the work of Zatsiorsky (2003) is strongly recommended (Rao et al.,
2005). For now, no study can be suggested for the female population due to the lack of
comprehensive or credible data.
4.2.1 Summary of the effect of BSPs on kinetic analyses
The influence of BSPs on the accuracy of the joint kinetics is disputed. Inverse dynamics
procedures are known to be dependant on the quality of the kinetic and kinematic data as
well as anatomical data. Joint moments are dependant on external forces, moments due
to body segment weight and inertial effects (moment of inertia - MoI - and rate of change
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of momentum). It would appear evident that the inertial parameters affect the calculation
of intersegmental forces and moments. In particular, the errors would be propagated and
compounded along the kinetic chain if an inverse dynamics approach is used. However,
researchers have provided conflicting evidence on the effect of errors in segment parameters
on the model outputs.
Some have demonstrated that inaccurate estimation of BSPs can generate con-
siderable variations in the joint kinetics, particularly for open chain or high acceleration
activities such as kicking or sprinting (Pearsall and Costigan, 1999; Rao et al., 2005). On
the contrary, it has also been reported that BSP uncertainties have no significant influence
on the accuracy of the model (Fantozzi et al., 2005; Silva and Ambrosio, 2004).
Pearsall and Costigan (1999) implemented a simple 2-D lower body model with a
range of BSP values and data from a previous gait study. This suggested that the impor-
tance of BSPs in closed-chain activities is relatively low, as the kinetics are dominated by
the ground reaction force and the limb accelerations, and hence inertial components, are
small. These errors are generally less than 1% of body mass. This is due, in part, to the
fact that the variations in BSPs are small in absolute terms. The errors will increase to
significant levels with open-loop actions (where there is no longer a ground reaction force
component), larger limb acceleration or where there is no external load.
These results are, however, artificial. The authors have assumed that the kinet-
ics of the movement do not change. Changes in BSP values would have influenced the
measured kinematic and kinetic profiles, as the segment proportions will alter motion pat-
terns; in addition, BSPs are not independent and hence the isolated parameter changes
implemented by the authors might be unrealistic. Whilst the absolute values of these
errors may not be accurate, this study highlights the trends associated with changes in
BSP estimation.
Rao et al. (2005) used a similar inverse dynamics model on gait data with 6 BSP
estimation models, which were chosen to represent a wide range of values and measurement
methods. The BSP estimates from living-based models were significantly different to
those from cadaver- or geometric- models. However, the kinetic analysis indicates that
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the outputs of the cadaver and living models were similar but significantly different to
the geometric model. They demonstrated that peak variations increase as you progress
through the model, during the swing phase and as the cadence increases. When the BSP
affects only one segment (eg the foot) then the differences in the estimates do not affect
the kinetic solution, regardless of the levels of variation between the values. However,
when the solution is dependant on a number of BSPs, the effects are combined and the
deviations propagate to the upper joints as shown by the large differences at the hip. This
supports the belief that the sensitivity of inverse dynamics solutions to BSP data cannot
be neglected.
A comprehensive study by Silva and Ambrosio (2004) made use of a 16 segment
3-D model to investigate the sensitivity of the joint loading to inaccuracies in the kinetic
and kinematic data, in particular, how errors propagate up the LSM. It showed that the
joint forces were not significantly affected by segment mass perturbations and that any
errors did not propagate to joints on a different kinematic chain, for example, from the
lower limb to the arm. The results show that the model was indifferent to variations in
anthropometric parameters but very sensitive to errors in the external force vector and its
point of application. In order to increase the accuracy of the analysis, one should improve
the accuracy of the force measurements or the precision of the kinematic data; this is a
view shared by Fantozzi et al. (2005).
Inertial parameters were deemed to have little effect on the resultant joint moments
(Fantozzi et al., 2005) regardless of source (data acquisition method, in- or ex-vivo and
subject ethnicity). There are negligible differences between parameter sets at the ankle and
knee; as the calculation moves to the proximal joints, the influence of inertial parameters
increases. Errors increase during the swing phase of gait as the calculations are no longer
dominated by the ground reaction force and the inertial factors become more relevant.
This leads to an error of 11%, which the author deems minor when compared to the errors
that could result from poor data acquisition or processing. The authors suggest that such
aspects be investigated to increase the accuracy of joint moment estimates. It is important
to note that these studies by Fantozzi et al. (2005) and Silva and Ambrosio (2004) do not
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imply that the errors due to BSP estimation are acceptable, rather that there are more
significant sources of error in the model.
4.3 Quantification of errors - A numerical analysis
The aim of this study is to quantify the inherent errors associated with anthropometric
estimation techniques, in particular, the effects of using a method on a test population
which is different to the population from which the model was derived. The intention
is that a model, or combination of methods, may be identified which can be used to
accurately estimate body parameters for use in a lower body kinetic analysis.
With this purpose in mind, the parameters required are the length, mass, centre of
mass and moment of inertia for each of the following segments: foot, calf, thigh and pelvis.
Segment lengths are easily determined by calculating the distance between bony landmarks
associated with joint centres. The inertial properties cannot be measured readily; hence
a large number of methods have been developed to estimate these values.
A number of seminal data sets were chosen and a comparative analysis was per-
formed. These were Dempster (1955) and Chandler et al. (1975); the results of these
cadaveric studies form the basis of many modern estimation models. Both provide simple
regression equations based on the average of a small study group of elderly males. Sepa-
rate data is given for both left and right limbs; for this analysis, these have been averaged
to a single value to bring these studies in line with other data sources.
Zatsiorsky and colleague’s work of 1983 and 2003 are included primarily to illustrate
the differences between the population demographics. These studies are chosen for a
number of reasons. They have been recommended for assessing joint kinetics (Rao et al,
2005) and because of their comprehensiveness (Durkin et al, 2003). The studies have a
large subject population of young healthy males, provide segmental data for the thorax,
abdomen and pelvis and have simple regression equations which produce estimates of all
the necessary inertial data using only body mass and height as inputs. Although the focus
of these analyses is the comparison of male data, Zatsiorsky also provides data from 15
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female subjects, which could be used in the later stages when considering participants of
both sexes.
Clauser’s data (1969) cannot be included in this study as there are no inertial values
and the regression equations require segmental dimensions and body fat measurements
that are not available from other studies so a direct comparison is not possible. Similarly,
Hinrich’s recalculation of Chandler et al.’s regression equations (1985) cannot be used at
this stage. Geometric models are not included as they make assumptions about mass
distribution and as such the MoI estimations may be unreliable.
4.3.1 Method
Dempster (1955) and Chandler et al. (1975) provide segmental data for each of the indi-
viduals investigated, where the numbers of samples are 8 and 6, respectively. This allows
a detailed comparison of predicted segment parameters to the experimentally derived val-
ues. These initial self-analyses will be used to characterize the range of errors of these
reference data sets. This provides a ‘standard’, as the model is used on the data from
which it was derived.
BSPs were estimated for each of the 14 individuals studied by Dempster and Chan-
dler et al. using the regression equations from 4 sources in the literature and the whole
body height and weight characteristics as inputs. Cross comparisons calculated the rel-
ative error between the measured parameters and the estimated values. The segments
under consideration were the head, trunk, thigh, calf and foot.
The percentage errors associated with each comparison were calculated using the
following formula where a negative error represents an overestimation;
%error =
(
Xref − Y
Y
)
∗ 100 (4.1)
where Y is the value predicted by the model or regression equation and Xref is the value
as measured by the authors.
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4.3.2 Results
For both mass and MoI estimates, the regression model that performed best was dependant
on the segment being studied and the source of data from which relative errors were
calculated.
Overall, Chandler et al.’s model (CH) was the best predictor of segment mass,
when applied to Chandler et al.’s source data. This self-analysis represents a best-case
scenario as the equations are tested on the same population from which they were derived
(Table 4.3). Despite this inherent advantage, Dempster’s self analysis did not perform as
well; errors associated with this model (D) are substantially larger than in the previous
comparison and subject to more variability (Table 4.4). No trunk values are given for
either of Zatsiorsky’s models due to differences in segment definition in Tables 4.4 and 4.6.
Table 4.3: Summary of mass estimation errors based on Chandler et al.’s data and 4
regression models (Negative values indicate an over-estimation)
Chandler et al. Dempster ZS Zat
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Head -0.08 6.78 -19.69 9.03 -18.32 7.47 -17.24 6.54
Trunk 0.08 3.96 12.04 1.66 7.09 24.58 24.34 5.55
Thigh 0.05 7.90 2.57 8.02 -28.60 6.49 -27.96 6.17
Calf 0.31 7.00 -11.82 5.34 -6.29 7.08 -4.87 6.73
Foot -1.808 9.528 -4.93 8.58 -10.13 6.77 -8.00 8.91
Table 4.4: Summary of mass estimation errors based on Dempster’s data and 4 re-
gression models (Negative values indicate an over-estimation)
Dempster Chandler et al. ZS Zat
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Head -15.66 35.71 2.64 43.49 0.51 9.22 -2.17 9.90
Trunk -0.28 5.23 8.55 5.90
Thigh -0.19 16.76 -3.27 15.89 -32.92 9.58 -30.95 11.44
Calf 0.56 13.03 10.24 13.96 6.61 15.67 4.34 14.10
Foot 1.79 7.87 5.34 11.33 -2.01 10.54 -0.91 8.87
Neither of the two cadaver based regression equations were able to estimate the
other data source well, with the exception of Dempster’s prediction of trunk mass. The
consistency of the estimates with a SD of 1.66% suggests that adjustments may be made
to reduce the mean error. In general, the errors are of the same order of magnitude as
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Table 4.5: Summary of Moment of inertia estimation errors using Chandler et al.’s
data (Negative values indicate an over-estimation)
Chandler et al. Dempster ZS Zat
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Head 0.12 14.33 -18.65 20.45 -12.07 15.16 -37.22 15.78
Trunk 0.13 8.33 -3.61 26.60 15.42 25.90 342.06 121.97
Thigh 0.00 12.92 4.44 34.06 -34.37 13.72 -66.38 34.52
Calf -0.09 13.48 -7.53 22.61 18.01 12.64 2.10 26.76
Foot -0.08 15.65 12.06 27.43 -14.07 10.40 -24.15 18.17
Table 4.6: Summary of Moment of inertia estimation errors based on Dempster’s data
(Negative values indicate an over-estimation)
Dempster Chandler et al. ZS Zat
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Head 18.00 18.76 8.92 164.19 12.94 27.47 -70.60 7.02
Trunk -4.29 19.72 4.76 28.47
Thigh -69.44 118.29 -23.69 40.24 -31.44 38.25 5.38 93.94
Calf -11.20 35.84 -16.45 14.01 41.78 24.99 -57.69 15.32
Foot -7.87 31.97 -5.90 20.98 -11.00 17.17 -97.01 0.81
those from Zatsiorsky and Seluyanov’s (ZS) (1983) and Zatsiorsky’s (Zat) models (2003).
The two-parameter equations of Zatsiorsky and Seluyanov were not more accurate
than Zatsiorsky’s equations based on body mass only. However, both were able to estimate
the head mass of Dempster’s subjects well.
Clearly, both mean error and variability increases when the model is applied to a
different population. In addition, thigh and trunk mass estimates are especially prone to
these increased errors.
Moment of inertia estimates followed a similar trend to the mass estimates, with
Chandler et al.’s regression equations performing best (Table 4.5). In contrast, Demp-
ster’s estimates were significantly different to his measured values, especially at the thigh
(Table 4.6). This would suggest that Dempster’s MoI model is unable to estimate the
characteristics of the population from which it was derived accurately. In general, models
based on cadaveric data estimated MoI better than regression equations based on living
subject data.
The two parameter equations appear to be inferior to the single variable models
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for estimating inertia. In all cases, there is either a higher mean error or higher S.D. The
consistency of the errors made by Zatsiorsky of Dempster’s foot segments suggests that
the equations may be modified to reduce the mean error.
It should also be noted that Zatsiorsky appears completely unsuitable for use with
Chandler et al.’s subjects given the very large errors in trunk estimates, similarly its
estimates of Dempster’s calf and foot data are very poor.
4.3.3 Discussion
It was shown that Dempster’s model was not able to estimate the mass or MoI of its subject
population accurately. This may be due to this being an incomplete data set. Despite
having 8 subjects, no inertial data was given for 3 of these thus reducing the number of
data points to just 5. The accuracy of the regression equations would have been adversely
affected by the smaller sample size. Another factor which is equally applicable to all
models is that there is a large variance in body size and morphology and that a simple
regression equation cannot account for all the variability in the data.
Given the magnitude and variability of the errors, it can be concluded that MoI is
more difficult to estimate than mass. It is reasonable to assume that segment mass is a
function of whole body mass but MoI is dependant on more variables such as body shape
or mass distribution. Simple equations may not be sufficient.
The consistent overestimation of thigh mass by both of Zatsiorsky’s studies would
suggest that these segments are heavier in younger subjects than in their older counter-
parts. It is difficult to accurately identify the origins of these errors due to differences in
segmentation methods and the possible changes in build and mass distribution with age.
The most important point to note from these comparisons is that the errors for
the calf and foot are very low. These are comparable, if not lower than, the errors in
the cadaveric comparisons (Chandler et al. and Dempster); perhaps, this could justify
the widespread use of Dempster’s model on younger subjects and not just the older male
population for these segments.
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Larger errors were observed at the foot and hand segments. Whilst there are a
wide range of hand and foot sizes and shapes, the error may not be due to the segment’s
inherent variability. Rather, this is probably because of the small actual mass of the
segment which makes changes appear large proportionally.
The torso is another segment which exhibits substantial inter-study differences.
These large errors would suggest that the variability in thigh and torso mass is greatest.
It would be impossible to apportion this error to any one factor; however, it can be
concluded that the relative errors between studies are likely to increase due to differences
in methodology, segmentation differences or population age.
Dempster and Chandler et al. approximated each other better than when Zat-
siorsky’s data are used, but we cannot tell if this is due to the difference in methodology
or age. It is clear that, on the whole, the errors increase when the model is applied to a
different population; this is in line with Durkin and Dowling’s theory (2003).
On the other hand, there is evidence to support the current widespread use of
Dempster’s data across populations. The mass errors at the calf and foot are lower for
both Zatsiorsky’s models when compared to the age matched studies of Chandler et al.
and Dempster. This could justify the use of Dempster’s model on younger subjects.
Furthermore, it has been shown that the kinetic outputs of a gait analysis involving both
cadaveric and living sources are not significantly different (Rao et al, 2005).
This study has provided evidence for both sides of the argument about the applica-
bility of anthropometric models on different test populations and as such, is inconclusive.
Further more detailed analyses are required before one can conclude whether or not anthro-
pometric models may be applied to subjects who are different from the test population.
4.4 A new regression model based on Dempster and Chan-
dler’s results
Based on the results of the numerical analysis in the previous section, it is obvious that
the current mass estimation methods are not sufficiently accurate. To this end, the aim
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of this section is to produce a set of regression equations to facilitate the estimation of
segment mass using parameters that can be easily measured on an individual basis. This
model may provide subject-specific data for use as inputs into the lifting analysis proposed
in this thesis.
4.4.1 Method
There is a very limited amount of anthropometric work for which segmental data for each
individual is available. Dempster (1955) and Chandler et al. (1975) both used cadaveric
dissection methods in their studies. Both works involved a small number of elderly male
subjects. Due to the low sample size, the information from these studies was combined to
form a single data set (n=14). From this, regression equations can be generated to predict
segment mass.
Matrices were created to supply measured segmental mass data (y) and the neces-
sary input parameters (X). X is also used to determine the form of the equation. Matlab’s
matrix division function1 was used to calculate the coefficients (a) using least squares
regression, where Xa = y.
Thus, for an equation of the form:
y = a0 + a1 × (BM) + a2 × (BH) (4.2)
y/X = a (4.3)
where a is a (3 x 1) vector of the coefficients a0, a1 and a2, y is a (n x 1) vector
consisting of mass data and X is a (n x 3) matrix of the form [1, BM, BH]. BM is body
mass and BH is body height.
The number of input parameters and the form of the equations (linear, quadratic,
cubic) were varied to look at the effect of increasing complexity on the accuracy of the
estimate. This is a forward multiple regression technique.
The accuracy of the equation was assessed in three stages; firstly, by determining
1Version 7.3.0.267 (R2006), The MathWorks Inc., Massachusetts, USA
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the maximum difference between the estimated segment mass, Y (where Y=X*a) and
the measured mass, y. Secondly, the coefficient of correlation (R2) between y and Y was
computed. The magnitude of the percentage error between Y and y was also calculated;
the mean, µ, and standard deviations, S.D., of these absolute percentage errors for each
segment are used to compare equations.
4.4.2 Results
Analysis of mass and height as input parameters
The first step was to generate a series of linear and quadratic equations using a single
parameter, either body mass or height. Mass was a better indicator of segment mass than
body height, though the coefficient of regression was lower than those quoted in Chandler
et al.’s original study.
A single input parameter is not sufficient to accurately estimate segment mass; in
this section we propose equations that use both body mass and height as inputs. For the
lower limbs, two sets of equations are tested. The first combines the data from the left
and right limbs to create a larger data set and the second provides a separate equation
for each extremity. ANOVA demonstrated that the data sets for the left and right limbs
were not statistically different (where p(thigh) = 0.82, p(calf) = 0.97, p(calf) = 0.98).
The linear-two-parameter (L2P) equation performed very poorly overall with a R2
value of just 0.22 for the head and average error of 173% at the left foot. Surprisingly,
errors were lowest for the torso and thighs, which are, traditionally, associated with the
largest errors due to inherent variance in build. The quadratic-two-parameter (Q2P)
version fared better with reduced errors at all segments. However the errors at the feet
and calves remain unacceptably high. Mean errors are further reduced by the exponential
(Exp) version, though this occurs at the expense of greater standard deviation.
However considerable improvements are seen when using either a quadratic-mass
linear-height (QMLH) or a linear-mass quadratic-height (LMQH) equation. By using a
combination of these equations and only two input parameters it is possible to generate a
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set of data, Table 4.7, which approximates the measured values well (R = 0.6-0.97, µ =
-4.50-1.65%, S.D. = 4.52-14.64%).
Age as an additional parameter
The data set for this analysis was reduced as the ages of two subjects were not given
(n=12). The addition of age as a third parameter reduced the mean error at the head,
trunk and thighs. This linear-three-parameter equation (L3P) is comparable to the QMLH
and LMQH versions. However, the errors increase when the quadratic (Q3P) equation is
used. The exception is in the torso; this may suggest that age is an important parameter
when determining torso mass and could be used to reflect the changes in build or muscu-
lature of the upper body. For the other segments, age does not appear to influence mass
estimates. Additional parameters such as segment dimensions may be used to improve
the accuracy of the estimates.
Body segment dimensions as input parameters
Chandler et al.’s study also provides data on segment dimensions, such as circumference,
length and breadth; these could be used as a parameter to further increase the accuracy
and reliability of the model by reducing the range of errors. Unfortunately, only six
subjects were investigated. As before, data for the left and right segments were combined
to increase the data set (n=12) as well as providing a separate equation for each extremity
(n=6).
Thigh
There is a large variation in values at the thigh, though the mean error is relatively
low; the aim of this section is to reduce the S.D. The measurements available from Chandler
et al.’s study were thigh and knee circumference, but only the circumferences of the right
calf were recorded (n=6).
Using the circumference of the right thigh as the third parameter in linear equa-
tion (ThL) reduces both the mean and range of the errors, but with a S.D of 7.18%,
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improvements can still be made. The quadratic equation (ThQ) failed to make any signif-
icant changes. Replacing the thigh circumference with knee circumference (KL) reduced
both mean error and SD substantially to -0.08 and 2.6% respectively. As with the ThQ
equation, the knee quadratic equation (KQ) did not provide any major improvement in
accuracy. For the right calf, knee circumference was a better predictor of thigh mass than
thigh circumference.
Rather than consider each dimension separately, the ratio of the two values could
be used as an input parameter. This could give a better representation of the shape
of the thigh rather than a circumference which can only quantify magnitude at a single
location. However, the analysis showed that whilst the mean error was low, there was a
lot of variation and no improvements were seen with the quadratic equation. There are, of
course, many other measurements that could be used as inputs and many equation types
but this would increase the complexity of the model. Such time consuming methods are
not necessary as the KL equation is sufficient for the needs of this study.
Only the knee circumference was given for the left thigh; the regression equation
based on this parameter had a lower mean and variation than its right-hand counterpart.
Combining both sets of data resulted in a model that had neither the accuracy nor
consistency of the previous equations.
Calf
The calf proved to be an easier segment to estimate reliably. The mean errors
generated by all the equations were low. Three dimensions were available: knee, calf and
ankle circumferences. Of the linear equations, the calf circumference was most accurate
and consistent for both separate and combined data sets. Accuracy was improved slightly
with the quadratic equation.
Again, the ratios of the circumferences were computed and used as an input param-
eter. The knee-ankle ratio was used in the belief that it might be able to quantify bone
shape and hence give a better approximation of segment mass in thin subjects; on the
other hand, the calf-ankle ratio may be more accurate for larger subjects as it could ac-
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count for muscle volume. This did not improve on the accuracy of the linear calf equation
for the left hand side.
Foot
Foot length was the only easily measurable parameter that could be used. Both
the linear and quadratic equations produced good results; these are a slight improvement
on the LMQH.
The regression model and associated errors are summarised in Table 4.8.
4.4.3 Discussion and conclusions
Two theoretical models for the estimation of segment mass have been developed based on
the combined data sets of Dempster and Chandler et al.. The original studies report seg-
mental data for each subject and the regression equations based on the group. This allows
a direct comparison between the results of this model and the experimentally determined
segment masses. The new regression model has been demonstrated to be more accurate
and more consistent than the constituent studies. Aside from the advantage of a larger
study, this work benefits from the more powerful computational techniques that were not
available at the time of the original studies.
The study has demonstrated that a variety of multiple regression equations, are
required for the accurate and consistent estimation of segment mass. Due to the larger
variation in subject size and the accuracy of the original models, Chandler et al. in
particular, no significant improvement in accuracy has been made using the new set of
regression equations; however, the estimates were more consistent and reliable.
A two-parameter model, Table 4.7, would be suitable for studies where it is not
necessary to have very accurate estimates of mass or if body mass and height are the
only parameters available. Based on the results of the analysis above, the model shown
in Table 4.8 is recommended for the estimation of segment mass given subject height,
weight, age, knee circumference, calf circumference and foot length. However the use of
both models should be restricted to older male subjects only as the model is based on
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elderly male cadavers.
This study is limited by the fact that no attempt has been made to account for
differences in measurement techniques such as segmentation methods and definition of
segment endpoints. Despite these potential sources of error, the new set of formulae has
been shown to be superior to either Dempster’s or Chandler et al.’s regression equations
in terms of both accuracy and consistency.
Given adequate data sources, this study could be expanded to include estimation
of inertial parameters or made applicable to a larger section of the population, such as
women and younger males. The model presented requires further validation, though this is
currently not possible due to lack of data. Such validations would require further cadaveric
dissections.
In conclusion, based on the results of the analyses above, the current study pro-
vides equations for the estimation of body segment mass for the older male population
(Tables 4.7 and 4.8). These may be useful for researchers who are currently using esti-
mation models based on either Dempster’s or Chandler et al.’s studies or work involving
this particular sub group of the population. It may also be valuable to those who have
hesitated to use the original studies due to the small sample size. However, these equa-
tions should be used with caution due to the small sample size (n=14) for some segments
and should only be applied to male subjects over the age of 45 to avoid extrapolation to
subjects who are different to the study population.
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Chapter 5
New anthropometric data for the
pelvis
For the purposes of this thesis, the body segment parameters of the pelvis are required
in order to quantify the intersegmental forces and moment at the L-P junction. However,
many current anthropometric models fail to separate the pelvis from the upper torso and
the regression model developed in Chapter 4 may not be suitable for use with an athletic
population. In this chapter, it is proposed that the balance board method could be adapted
to provide the mass of the pelvic segment. Subject-specific data could then be used in the
model described in Chapter 3. The fundamentals of the technique are explored and the
theory behind the modifications explained. The results of a pilot study using this novel
model are presented and proposals for further work made.
5.1 Theory of the balance board technique
The balance board or reaction board method is routinely used for the measurement of body
segment masses. Previous work has demonstrated it to be a simple and effective technique
whilst remaining sensitive to population differences and providing patient-specific data
(Chandler et al., 1975; Clauser et al., 1969; Dempster, 1955; Park et al., 1998; Pataky et al.,
2003). The technique uses a board supported at two points, one of which is instrumented
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Figure 5.1: The determination of forearm mass using the balance board method (from
Chandler et al., 1975).
for force measurement. Based on the principles of static equilibrium and zero net torque,
the whole body centre of mass (CoM) can be derived. If either segment mass (M) or
location of centre of mass (xCoM ) is known, then the other parameter may be determined
by considering the changes in force or centre of pressure when a body segment is moved
(Figure 5.1).
Studies have shown that the technique is equally effective for both position of centre
of mass and segment mass calculations (Park et al., 1998; Pataky et al., 2003). It has been
suggested that xCoM (with respect to segment length) is less variable than mass (Pataky
et al., 2003). Thus, for the purposes of this study, it would be more prudent to assume
xCoM in order to calculate mass. This is especially true at the pelvis, where potential
errors in xCoM are limited by the short segment length but the pelvis accounts for a larger
proportion of the whole body mass.
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Figure 5.2: The standard positions used in the balance board method, from Park
et al. (1998).
5.1.1 Traditional segment configurations and calculations
There are five body postures which have been developed to measure segment mass (Fig-
ure 5.2). These are:
(a) Lying down The subject lies on the board in the supine position to determine the
mass of the whole body.
(b) Forearm raise The elbow is flexed to 90◦, such that the segment is perpendicular
to the board, to determine mass of the forearm and hand.
(c) Whole arm raise The shoulder is flexed to 90◦ whilst maintaining a straight arm.
The combined mass of the upper arm, forearm and hand can be calculated.
(d) Calf raise The subject raises the calf and foot whilst in the prone position to deter-
mine the mass of these segments.
(e) Whole leg raise Returning to the supine position, the subject raises the whole leg.
The combined mass of the thigh, calf and foot can be calculated.
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The summation of forces vertically gives:
Mbody = F +R =MUB + 2MUA + 2MFA + 2MTh + 2MCF (5.1)
whereMbody is the mass of the whole body, F is the force measured by the forceplate,
R is the force at the right hand support, MUB is the mass of the upper body (head, neck
and torso). MUA, MFA, MTh, MCF are the masses of the upper arm, the forearm and
hand, the thigh and the calf and foot.
The mass of the calf and foot may be calculated by taking moments about the right
hand side for the initial ‘Lying down’ and final ‘Calf raise’ positions and then equating
(the arms are not included here for clarity):
Fi ×D = (MCF × xCF ) + (MTh × (LCF + xTh)) + (MUB × (LCF + LTh + xUB)) (5.2)
Ff ×D = (MCF × LCF ) + (MTh × (LCF + xTh)) + (MUB × (LCF + LTh + xUB)) (5.3)
MCF =
(Ff − Fi)×D
(LCF − xCF )× (1− cosθ) (5.4)
where the subscripts i and f refer to the initial and final positions, D is the distance
between supports, L is the length of the segment and x is the position of the segment centre
of mass with respect to the distal end. If the full range of motion (90◦) is not attained
then θ is the angle through which the segment has moved.
The mass of the thighs can then be derived from the ‘Whole leg raise’, where
MCF has been calculated previously:
MTh =
(Ff − Fi)×D −MCF × (LTh + LCF − xCF )× (1− cosθ)
(LTh − xTh)× (1− cosθ) (5.5)
The mass of the forearms and upper arms are calculated in the same way and then
the mass of the head, neck and torso deduced from the subject’s whole body mass and
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the derived segmental masses.
MFA =
(Ff − Fi)×D
(LFA − xFA)× (1− cosθ) (5.6)
MUA =
(Ff − Fi)×D −MFA × (LUA + LFA − xFA)× (1− cosθ)
(LUA − xUA)× (1− cosθ) (5.7)
5.2 Determining the mass of the pelvis
Given the mathematical model outlined in Chapter 3, where the pelvis is separated from
the rest of the torso, it is clear that the current balance board method is not able to
provide mass data for this segment. Here, a sixth position is proposed, ‘Sit up’; this is
defined as the rotation of the upper body and the pelvis about the hip joint centre, such
that the longitudinal axis of the torso is perpendicular to the board. The CoM of the
pelvis is at the hip joint in the longitudinal direction (Pheasant, 1986); the assumption
is made that in the anterior-posterior plane the CoM still acts at the hip joint. Thus the
CoM of the pelvis has not moved from the ‘Lying down’ to ‘Sit up’ positions relative
to the feet (Figure 5.3).
Figure 5.3: The proposed posture for determining pelvic mass using the balance-board
method.
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This posture allows the calculation of the upper body mass (head and trunk) as
follows:
Fi ×D =MHAT × (y + xHAT ) +MA × (y + LS − xA) (5.8)
Ff ×D =MHAT × y +MA × y (5.9)
MHAT =
(Ff − Fi)×D − (MA × (LS − xA))× (1− cosθ)
xHAT × (1− cosθ) (5.10)
where MHAT is the mass of the head and trunk, LHAT is the distance between the
hip and the top of the head, y is the distance between the hip and the right-hand support
such that y = D - LHAT , xHAT is the position of the centre of mass of the upper body
relative to the hip, LS is the position of the shoulder relative to the hip, xA is the position
of the centre of mass of the arms relative to the shoulder and MA is the combined mass
of the upper arm, forearm and hand.
From the participant weight and mass of limb segments previously determined using
the conventional forceplate method, the mass of the pelvis, MP , may be deduced:
MP =Mbody −MHAT − 2MA − 2MTh − 2MCF (5.11)
This movement must be performed with care to eliminate two major sources of
error. Firstly, the lumbar curvature must be maintained throughout the experiment as
changes in the relative positions of the pelvis and torso can affect the location of the centre
of mass. The balanceboard method requires that only one movement is effected such that
the change in force measurements can be associated with that segment. Secondly, the
centre of rotation of the ‘Sit up’ movement is not the hip joint but the ischial tuberosity;
this is a bony landmark of the pelvis situated posteriorly and inferior to the hip joint. Thus,
during this motion, the hip joint centre rotates about the ischial tuberosity resulting in a
displacement of the lower body. This problem may be overcome by defining the position of
the feet relative to the forceplate and readjusting the location of the lower body between
movements. Thus the mass calculations are referenced about the feet rather than the top
of the head.
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Figure 5.4: Diagram of the balance board set up. The top of the board is supported
by the forceplate and the other end with an un-instrumented wooden block.
5.3 Materials and Preliminary testing
A balance board measuring 2.1 m x 0.7 m x 0.04 m was constructed from high density
fibreboard. A ‘headrest’ was attached to the top of the board to provide subjects with a
guide to the position of their bodies relative to the board. A length of wooden dowel was
secured onto the base of the balance board directly beneath the headrest; this provides a
pivot point between the board and the forceplate. A second length of dowel was attached
at a distance of 1.8 m from the first. The top of the balance board was supported by the
forceplate and the other end by a wooden block to create a level testing surface, Figure 5.4.
Initial tests showed that the mass of the forearms could not be measured accurately
due to the low signal-to-noise ratio (SNR). For an average male (weight = 80 kg, height =
1.75 m, length and mass of forearm and hand = 0.477m and 1.75 kg), the expected change
in force is of the order of 2.5 N. However, the forceplate signal is subject to noise due to
external interference; deviations in the signal before filtering or signal processing can be
approximately 2 N, which could mask the desired signal changes. Raising both forearms
simultaneously did not produce a significantly better SNR.
As a result, the arm (upper arm, forearm and hand) was treated as a single rigid
element. This allows the magnitude change in force to be more accurately measured. The
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loss of the forearm segment is not of concern in this study since it is not a necessary
parameter in the lower body model and will not affect the pelvis calculations. For a good
SNR, the body positions explained above were altered such that both left and right limbs
were raised simultaneously. This assumes that there is no significant difference between
the sides and is in line with most anthropometric studies which do not distinguish between
left and right sides and continues the assumptions that were made in Chapter 4.
5.3.1 New segment configurations
It was proposed that this test could be modified such that the segments remain supported
by the board. It was hypothesised that there may be errors due to the uncontrolled
swaying of the limbs in the raised position or the effects of the muscle forces needed to
suspend the limbs. These muscle forces have not been considered by recent studies.
The ‘Whole arm raise’ would be altered such that the 90◦ motion was performed
parallel to the board by means of a shoulder abduction rather than a forward flexion. The
mass of the calves and thighs could be measured by moving the segments through 90◦
whilst in the ‘neutral’ or side-lying position, Figure 5.3.1. In these positions, the weight of
the limbs are completely supported by the balance board and hence the changes in force
measurements are likely to be more accurate. The preliminary testing suggested that this
produced more consistent values of arm mass.
However, the ‘neutral’ position poses a problem. Side-lying is more unstable than
supine lying due to the smaller contact area and higher centre of gravity. This can lead
to discomfort and some degree of instability especially during the initial position. Due to
the issues associated with both sets of positions, neither was consistently more accurate
when compared to Pheasant’s (1986) estimates.
5.4 Methods
The purpose of this experiment was to validate the new technique for determining pelvis
mass and compare the two sets of body postures. It also aimed to supply participant-
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(a) Supine position (b) Neutral position
(c) Conventional ‘Whole arm raise’ (d) New ‘Whole arm abduction’
(e) Conventional ‘Whole leg raise’ (f) New ‘Whole leg flexion’
(g) Conventional ‘Calf raise’ (h) New ‘Calf flexion’
Figure 5.5: Measurement of segment masses using conventional and new techniques.
(Pink card represents the balanceboard with the black stripe representing the head-
rest.)
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specific segment mass data for the lifting study (Chapter 8). Participants were recruited
from within Imperial College and the local nursing, rowing and weightlifting communities
in order to ensure appropriate data for the lifting study. The volunteers were given an
information sheet explaining the reasons behind this study and were informed of the
experimental protocol and the potential risks associated with participation. Volunteers
gave written consent agreeing to take part. Ethical approval for this study and consent
form were obtained from the Imperial College Research Ethics Committee.
Sixteen participants were tested. Their ages ranged from 19 to 30 years for the
females and 19 to 64 years for the males. They were asked to change into shorts and a
vest in order to minimize the effects of the weight of their clothing on the measurements.
The height and weight of each subject was measured at the start of the experiment. These
are presented in Table 5.1 according to gender.
Table 5.1: Physical characteristics of the volunteers for the body segment mass study.
Male (n=9) Female (n=7)
Mean S.D Max Min Mean S.D Max Min
Height (m) 1.84 0.058 1.93 1.74 1.69 0.064 1.76 1.62
Weight (kg) 86.04 17.93 131 69.8 64.8 3.79 69.8 59
They performed the testing protocol as detailed below in Tables 5.2 and 5.3. Force
measures were collected at 32 Hz using custom LabVIEW software. When the correct body
position had been achieved a short stream of force data was recorded. The mean value over
this time period was determined and used in the Equations 5.4 - 5.11 to calculate segment
mass. Segment length and centre of mass were estimated from Pheasant’s study and
adjusted where necessary to create a single larger segment (foot and calf, hand and whole
arm). Segment masses were normalised to whole body mass and compared to Pheasant’s
estimates.
The ‘Whole leg raise’ to 90◦ was found to be unachievable for some subjects
without significant movement of the pelvis and lumbar spine due to limited flexibility at
the hip joint. In these cases, a reduced movement of approximately 40◦ was prescribed
to maintain a comfortable range of motion, avoid lumbar flattening and prevent pelvic
rotation. A lightweight box was used to support the feet such that the subject could
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Table 5.2: Testing protocol for determining body segment mass using the conventional
balance board technique.
Segment being measured
Arms Subject adopts supine position with head touching headrest
Both arms raised to 90◦
Return to supine position
Repeat
Calves Adopt prone position
Raise both calves to 90◦
Return to prone position
Repeat
Thighs Adopt supine position
Raise both legs to 90◦
Return to prone position
Repeat
HAT Subject adopts supine position with feet touching headrest
Sit up ensuring that feet remain in contact with headrest
Return to supine position with feet touching headrest
Repeat
Table 5.3: Testing protocol for determining body segment mass using the new balance
board technique.
Segment being measured
Arms Subject adopts supine position with head touching headrest
Both arms abducted to 90◦
Return to supine position
Repeat
Calves Adopt neutral position
Flex knees to 90◦
Return to neutral position
Repeat
Thighs Adopt neutral position
Flex legs to 90◦
Return to neutral position
Repeat
HAT Subject adopts supine position with feet touching headrest
Sit up ensuring that feet remain in contact with headrest
Return to supine position with feet touching headrest
Repeat
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maintain this position comfortably. The thigh angle was measured using a goniometer
and the calculations of thigh mass adjusted accordingly.
Pheasant’s anthropometric model (1986) was chosen for a number of reasons.
Firstly, it is based on a number of reanalyses of Dempster’s (1955) data to give seg-
ment lengths, locations of centre of mass and segment mass for both males and females
as simple functions of height and weight. Additionally, it is internally consistent thus
removing the need to account for segmentation differences if one were required to combine
two or more studies for all the necessary data. Finally, the pelvis is treated as a separate
segment allowing easy validation of the results of this study.
5.5 Results
The masses of 4 segments (arm, calf, thigh and head and trunk) were directly measured
using both the conventional and new body configurations. The pelvic mass was derived
from the difference between whole body mass and the measured segmental masses. The
average mass proportions for each segment are represented as a percentage of whole body
weight. Table 5.4 shows these results for the complete data set and separated by tech-
nique. The arm and calf measures for the male group are much closer to the reference
estimates than the female group. The method as a whole appears to overestimate thigh
mass. HAT (head and trunk) mass is underestimated and consequently the pelvis mass is
overestimated.
Neither the conventional nor the new method proved to be more repeatable than the
other. Both the error relative to Pheasant’s estimates and the variability increased as the
mass of the segment being measured was increased. No significant correlation was shown
between segment mass and whole body mass. Figures 5.6, 5.7 and 5.8 show measured
segmental mass plotted against body mass for the conventional method, new method and
combined results respectively.
The nature of the method for determining pelvis mass resulted in cumulative errors
from the other segments. In order to assess the potential of the ‘Sit up’ posture separately,
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Table 5.4: Summary of the results of the balance board testing. Average segment
masses expressed as a percentage of whole body mass with standard deviation in
brackets. (Mass of HAT and pelvis determined using only one method so data is not
presented in separate columns.)
Segment Pheasant [1986] Conventional (S.D.) New (S.D.) Complete(S.D.)
Male
Arm 5.1 5.10 (0.53) 5.15 (0.62) 5.13 (0.55)
Calf 5.7 5.53 (2.17) 5.25 (0.96) 5.40 (1.70)
Thigh 10 14.43 (10.14) 15.29 ( 6.10) 14.86 (8.75)
HAT 45 - - 36.57 (5.10)
Pelvis 13.4 - - 18.15 (18.3)
Female
Arm 5.1 4.25 (0.75) 4.72 (0.70) 4.69 (0.58)
Calf 5.7 7.18 (1.22) 6.34 (0.72) 6.59 (1.10)
Thigh 10 12.29 (3.53) 11.66 (4.05) 10.71 (3.91)
HAT 45 - - 34.87 (6.68)
Pelvis 13.4 - - 18.80 (7.50)
Figure 5.6: Segment masses measured using the conventional method plotted against
body mass. Linear regression model and coefficient of determination shown in the
margin.
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Figure 5.7: Segment masses measured using the new method plotted against body
mass. Linear regression model and coefficient of determination shown in the margin.
the segment masses of the limbs are calculated from Pheasant’s (1986) model. Only the
HAT mass is measured and then pelvis mass is derived. The mean and S.D of the segment
mass are shown in Table 5.5. The results clearly show that the mass of the HAT is greatly
underestimated for all subjects and hence calculated pelvis mass is significantly larger
than expected.
Table 5.5: Results for the ’Sit up’ configuration. Arm, thigh and calf masses from
Pheasant’s model.
Segment Pheasant [1986] Male Female
Mean S.D Mean S.D
HAT 45 37.16 4.67 34.87 6.71
Pelvis 13.4 21.24 4.67 23.53 6.71
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Figure 5.8: Measured upper body mass and calculated pelvis mass plotted against
body mass. Linear regression model and coefficient of determination shown in the
margin.
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5.6 Conclusions
The balance board technique is based on sound mechanical principles but is subject to
many assumptions and sources of error. As a result, this study has shown that it cannot
be used to accurately determine segment mass; neither is it sensitive enough to detect
population differences as Pataky et al. (2003) would suggest.
The primary limitation of this method is the need to assume xCoM in order to
calculate mass. This was not deemed to be a problem because the potential errors are
small compared to the prescribed range of motion. However, xCoM is often quoted as a
function of segment length; clearly, any errors in segment length would compound this
problem.
The accuracy of any measurement is also inherently limited by the accuracy of the
force acquisition system. This must be adequately sensitive in order to measure very small
changes in force. The effect of these errors on the mass estimates are considered in more
detail in the sensitivity analysis in the next section.
The segment configurations are difficult to achieve in reality; the prescribed range
of joint motion may not be attained and there may be other erroneous limb movements as
a result of poor segmental control or weak stabilising muscles. For example, the ‘Whole
leg raise’ is often accompanied by movements of the pelvis and lumbar flattening. This
is due to muscular tightness and lack of flexibility which can also result in the legs being
bent rather than held in a neutral straight position and some rotation of the pelvis. Other
sources of error include the effects of breathing on the force measurements, both in terms
of muscle movement and air intake and the effects of muscle displacement about the joint
during motion. The forces exerted by the muscles to suspend the limbs may affect the
measurements. Similarly, the use of the hands for support during ‘Whole leg raise’ may
cause subtle changes in force.
It is possible that some of the differences in mass estimates were because the ma-
jority of the group tested were trained athletes and hence their mass distribution may
differ from the average subject quoted in Pheasant’s study (1986). However, this would
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not explain the large variability in the measurements. No athlete-specific anthropometric
data from the literature was available to confirm this theory.
If the above errors are addressed adequately then the ‘sit up’ position may be
further investigated as a potential source of pelvis data. In this study, assumptions have
been made with respect to the head and spinal movement. It is unlikely that the subject
would have been able to maintain a constant lumbar curve and head position relative to
the torso whilst sitting up. This would invalidate the requirement that only one segment
has moved between force recordings. A possible solution to this may be a lightweight
external device to fix the positions of the trunk and head whilst still allowing the pelvis
to rotate freely without inhibiting movement of the hip.
5.7 Sensitivity analysis of the forceplate method
The accuracy of the mass calculations are clearly determined by the measured forces. It can
be seen from the equations above (Sections 5.1, 5.2) that the other influential factors are
the estimation of xCoM , the segment length and the joint angle. Furthermore, cumulative
errors are expected at the thigh, upper body and pelvis due to their dependancy on other
segment calculations. In this section, the effect of these factors on segment mass are
evaluated by introducing known errors into each quantity in turn.
5.7.1 Method
This analysis assumes an ‘ideal man’ of height 1.75 m and weight 80 kg and ‘ideal woman’
of height 1.62 m and weight 65 kg. Both conform to the anthropometric averages as given
by Pheasant (1986); thus the mass, xCoM , and length of all the segments are known (Table
5.6). The arm segment consists of the upper arm, forearm and hand with xCoM expressed
as a function of upper arm length. Similarly, the calf segment includes the mass of the
foot but is defined as the distance between the knee and ankle joints.
The expected change in force (dF) for each segment motion is calculated from
Equations 5.4 - 5.11, where L, the distance between the supports, is 1.8 m. Errors (dF ±
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Table 5.6: Characteristics of the ideal subjects for forceplate sensitivity analysis from
Pheasant (1986).
Segment Ideal mass (kg) Ideal dF (N) Length (m) xCoM (%L)
Male
Arm 4.08 13.20 0.46 0.97
Calf 4.56 14.51 0.49 0.60
Thigh 8.00 50.85 0.43 0.41
HAT 36.0 94.70 0.84 0.44
Pelvis 10.72 N/A N/A N/A
Female
Arm 3.32 9.71 0.29 0.96
Calf 3.71 9.03 0.37 0.60
Thigh 6.50 36.25 0.39 0.41
HAT 29.25 73.43 0.79 0.41
Pelvis 8.71 N/A N/A N/A
0.5N , dF ± 1.5N and dF ± 15%) were introduced into force measurement and segment
mass recalculated. All other parameters are unchanged, including the mass of the calf
and arms in the thigh and upper body calculations. Finally, the mass of the pelvis was
determined as per Equation 5.11; this assumes that the forceplate consistently over- or
underestimates all the other segments.
The analysis and calculation of segment mass was repeated for varying xCoM , seg-
ment length and joint angle. Errors of up to 15% were introduced.
5.7.2 Results
Tables 5.7 to 5.10 show the calculated segment mass (kg) and the percentage error relative
to the ‘ideal’ mass (Table 5.6) as each of the four parameters was varied in turn.
Table 5.7 clearly shows that relative error is directly related to the accuracy of
the force measurement and is inversely proportional to the mass of the segment. A small
change in dF of 0.5 N is sufficient to cause significant difference in arm mass. The mass
of the thigh is very sensitive to large errors in mass; a 7 N (15%) change in dF equates
to a relative error of almost 50%. Due to its large mass, HAT does not appear to be
affected by small errors but the introduction of larger deviations demonstrates that it is
equally sensitive to inaccurate measurements. The errors are symmetrical such that an
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underestimation of force results in the same relative error.
For the calf and arm segments, errors in segment length produce relative errors of
mass that are roughly of the same order of magnitude (Table 5.8). However, the thigh
is much more sensitive to deviations in length. HAT does not appear to be affected by
erroneous measurements of torso length. Overestimation of segment lengths results in an
overestimation of pelvis mass. Errors in xCoM appear to have a similar effect on mass as
errors in length (Table 5.9).
Failure to achieve the full range of prescribed motion (90◦) has a more pronounced
effect on mass than ‘over-flexion’ (Table 5.10). Mass estimates are more sensitive to errors
in joint angle than either force or segment length. This results in very large potential
errors at the pelvis.
Table 5.7: Influence of errors in force on segment mass estimates with segment mass
in kilograms and relative percentage errors in brackets.
Segment dF + 0.5 N dF + 1.5 N dF + 15%
Male
Arm 4.23 (3.79%) 4.54 (11.36%) 4.69 (15.00%)
Calf 4.72 (3.45%) 5.03 (10.34%) 5.24 (15.00%)
Thigh 8.26 (3.31%) 8.79 (9.88%) 12.01 (50.19%)
HAT 36.21 (0.58%) 36.63 (1.75%) 41.98 (16.61%)
Pelvis 9.36 (-12.69%) 6.64 (-38.06%) -5.88 (-154.86%)
Female
Arm 3.49 (5.15%) 3.83 (15.45%) 3.81 (15.00%)
Calf 3.91(5.53%) 4.32 (16.61%) 4.26 (15.00%)
Thigh 6.78 (4.42%) 7.35 (13.20%) 9.61 (47.78%)
HAT 29.47 (0.75%) 29.92 (2.30%) 34.18 (16.86%)
Pelvis 7.16(-17.81%) 4.07 (-53.32%) -4.54 (-152.11%)
5.7.3 Discussion
This study has investigated the sensitivity of the balance board technique to errors in four
parameters; force measurements (dF), segment length (L), joint angle and position of the
centre of mass (xCoM ). From the results it is clear that the balance board method is very
susceptible to errors.
The effect of inaccuracies in each of the parameters on the estimated mass can
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Table 5.8: Influence of errors in segment length on segment mass estimates with
percentage errors in brackets.
Segment L - 5% L + 5% L + 10% L + 15%
Male
Arm 4.29 (5.24%) 3.88 (-4.78%) 3.71 (-9.11%) 3.55 (-13.06%)
Calf 4.88 (5.26%) 4.43 (-4.76%) 4.15 (-9.09%) 3.97 (-13.05%)
Thigh 9.00 (12.59%) 7.09 (-11.37%) 6.26 (-21.72%) 5.51 (-31.16%)
HAT 36.47 (1.31%) 35.53(-1.32%) 35.05(-2.63%) 34.58 (-3.94%)
Pelvis 7.32 (-31.64%) 13.84 (29.09%) 16.71(55.91%) 19.38 (80.78%)
Female
Arm 3.49 (5.26%) 3.16 (-4.76%) 3.01 (-9.09%) 2.88 (-13.04%)
Calf 3.90 (5.26%) 3.52 (-4.76%) 3.37 (-9.09%) 3.22 (-13.04%)
Thigh 7.31 (12.60%) 5.78 (-11.37%) 5.09 (-21.71%) 4.47 (-31.16%)
HAT 29.65 (1.36%) 28.85 (-1.36%) 28.45 (-2.72%) 28.06 (-4.08%)
Pelvis 5.94 (-31.86%) 11.25 (29.21%) 13.61(56.21%) 15.79 (81.25%)
Table 5.9: Influence of errors in position of centre of mass on segment mass estimates
with percentage errors in brackets.
Segment xCoM - 5% xCoM + 5% xCoM + 10% xCoM + 15%
Male
Arm 4.29 (5.24%) 3.88 (-4.78%) 3.71 (-9.11%) 3.55 (-13.06%)
Calf 4.79 (5.26%) 4.34 (-4.76%) 4.15 (-9.09%) 3.97 (-13.05%)
Thigh 8.42 (5.27%) 7.64 (-4.74%) 7.27 (-9.07%) 6.96 (-13.03%)
HAT 37.89 (5.26%) 34.28(-4.77%) 32.73 (-9.09%) 31.30 (-13.05%)
Pelvis 7.07 (-33.99%) 14.02 (30.79%) 17.02 (58.77%) 19.76 (84.31%)
Female
Arm 3.48 (5.26%) 3.16 (-4.76%) 3.01 (-9.09%) 2.88 (-13.04%)
Calf 3.90 (5.26%) 3.53 (-4.76%) 3.37 (-9.09%) 3.22 (-13.05%)
Thigh 6.84 (5.31%) 6.19 (-4.72%) 5.91 (-9.05%) 5.65 (-13.00%)
HAT 30.79 (5.26%) 27.86(-4.76%) 26.59 (-9.09%) 25.44 (-13.04%)
Pelvis 5.74 (-34.08%) 11.39 (30.72%) 13.82 (58.70%) 16.05 (84.24%)
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Table 5.10: Influence of errors in joint angle on segment mass estimates with percent-
age errors in brackets.
Segment 76.5◦ (-15%) 81◦ (-10%) 85.5◦ (-5%) 103.5◦ (+15%)
Male
Arm 5.32 (30.45%) 4.84 (18.54%) 4.43 (8.51%) 3.31 (-18.93%)
Calf 5.95 (30.45%) 5.41 (18.54%) 4.95 (8.51%) 3.70 (-18.93%)
Thigh 16.15 (101.87%) 12.96 (62.04%) 10.27 (28.49%) 2.94 (-63.28%)
HAT 48.14 (33.73%) 43.40 (20.54%) 39.40 (9.43%) 28.45 (-20.97%)
Pelvis -22.98 (-314.36%) -9.80 (-191.42%) 1.30 (-87.87%) 31.67 (195.40%)
Female
Arm 4.32 (30.45%) 3.93 (18.54%) 3.60 (8.51%) 2.69 (-18.93%)
Calf 4.83 (30.45%) 4.39 (18.54%) 4.02 (8.51%) 3.00 (-18.93%)
Thigh 12.80 (96.97%) 10.34 (59.06%) 8.26 (27.13%) 2.59 (-60.22%)
HAT 39.26 (32.19%) 35.35 (19.01%) 32.05 (7.91%) 23.03 (-22.46%)
Pelvis -18.18 (-308.75%) -7.67(-188.02%) 1.19 (-86.34%) 25.41 (191.82%)
be explained by exploring the mathematical relationship between them. Arm and calf
mass are simple functions of dF, L and xCoM . As such, errors in L, which forms the
denominator in both Equations 5.4 and 5.6, has a similar effect on the derived segment
mass. As dF increases, the mass of the segment increases, assuming all other parameters
are unchanged. The small mass of these segments results in a much higher sensitivity to
changes in dF. Segment mass is a linear function of xCoM ; thus, errors in this parameter
will have similar effects on the mass estimates of all the segments.
The numerator in the thigh mass equation is calculated as the difference between
dF and a function of calf mass, which is assumed to be constant in this analysis. Thus
the errors in thigh mass are determined by the relative magnitude between dF and this
constant. A small change in dF has little effect; errors increase non-linearly as changes in
dF increase. Both the numerator and denominator are functions of thigh length. As length
increases, the magnitude of the numerator decreases whilst the denominator increases
resulting in a large underestimation of mass. The same logic may be applied to the torso
calculations but the errors are less apparent due to the larger segment mass.
Mass estimates are also functions of the cosine of joint angle. Errors are expected to
be non-linear with changes in joint angle due to the cosine function. At the arm and calf,
this only appears in the denominator, thus underestimates of angle have a larger effect than
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overestimation. Both the numerator and denominator of the thigh and HAT calculations
contain joint angle. If angle is underestimated, the value of the numerator increases whilst
the denominator decreases; this causes a disproportionally large error in segment mass.
Similarly, overestimation of joint angle results in significant underestimation of mass.
These errors are less evident for the HAT due to larger segment mass.
Joint angle clearly has the largest influence on the accuracy of mass estimates. A
5◦ error at the limbs and HAT overestimates segments masses sufficiently to result in no
mass calculated for the pelvis. The pelvis calculations presented in the tables above are
a worst case scenario where all segments are consistently over- or underestimated. This
is unlikely to be realistic but it highlights the large variability in pelvis mass that may be
caused by relatively small errors in other segment masses.
The results of this analysis show that the balance board technique is prone to
many sources of error and is therefore unlikely to be able to provide a good measure of
segment mass. Additionally, these errors are likely to propagate along the segments as the
calculation of thigh and upper body mass depends on the mass of other segments. These
cumulative errors have not been considered here due to the complexity that would arise
from the large number of variables. Some of these issues may be addressed in future work,
for example, a goniometric analysis of joint angle.
In conclusion, the balance board technique is not currently recommended for any
analysis that requires an accurate measure of mass. It may be able to provide investi-
gators with a ‘ball-park’ or approximate value of segmental mass which may be of use if
the subject is very different from the average build. However, due to the errors and in
the interests of consistency, a standard model such as that of Pheasant (1986) may be
preferable in most studies.
5.8 Summary
The theory behind the balance board method of determining subject-specific mass data
has been presented in this chapter. Modifications to the standard technique are proposed;
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firstly, to obtain previously unavailable pelvis mass and secondly, to reduce the errors due
to segmental movement and muscle force. Sixteen volunteers were tested using both the
standard and modified techniques, however results were disappointing. Neither method
proved to be reproducible or accurate when compared to Pheasant’s model (1986). A
sensitivity analysis of the technique and the equations used to calculate segment mass
showed that is highly sensitive to errors and that it is not as simple to obtain accurate
subject-specific data as Pataky et al. (2003) would suggest.
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Chapter 6
Motion Analysis
Continuous recording of body segment movement is necessary, both for the analysis of
lifting technique and for the calculation of joint forces using the model described in Chapter
3. In this chapter, a review of motion acquisition systems is presented and the relative
merits of the chosen system detailed. The operation of the Flock of Birds electromagnetic
sensors and the software required to control the system and acquire data are described.
6.1 Existing motion analysis systems
Motion analysis systems fall into 3 groups; optical, mechanical and magnetic. Optical
motion capture utilizes calibrated video cameras to track the motion of markers attached
to the body at a rate of up to 500 frames/second (Vicon, OMG, Oxford, U.K.). This
technique offers only 3 positional information (3 degrees of freedom, DoF) for each marker;
rotational information must be inferred from the relative orientation of three or more
markers. Passive systems use reflective markers to reflect light back that is generated near
the camera lens. Active markers are LEDs that are powered to emit their own light. This
has the advantage that the capture volume is greater and the markers have a unique ID
which prevents marker swapping; however, the subject is encumbered by the power supply
to the markers.
The three-dimensional position of the marker is triangulated from two or more
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overlapping camera views. This presents an inherent occlusion problem; a clear line of
sight must be maintained between each marker and at least 2 cameras to prevent missing
data. Other problems that may occur during the tracking process of passive markers
include swapping of markers, noisy data and false reflections.
Mechanical systems directly track joint angles, using rigid structures that are linked
together with potentiometers and articulate at the joint. These instrumented exo-skeletons
must be attached to the body in order to follow the movement of the body. These can
only measure the relative motion of the segments and not the position of the subject in
space. This property means that, in theory, wireless systems have an unlimited capture
volume as the subject is not restricted by connecting wires or the field of view.
In magnetic systems, the sensors and transmitter are cabled to an electronic con-
trol unit that correlates their locations within the generated magnetic field. These are
networked with a host computer that uses a software driver to calculate these positions
and rotations in 3D space using the relative magnetic flux of the three orthogonal coils
contained within each sensor.
There are 2 different approaches to this technology. The first uses an AC current
whilst the second uses a pulsed DC waveform. The AC version is more accurate and faster
with a better signal-to-noise ratio; it is also less affected by fluctuations in the power
supply or the Earth’s magnetic field (Polhemus Navigation, Colchester, U.S.A). However,
the pulsed DC technology used by the Flock of Birds (Ascension Technology Corporation,
Burlington, U.S.A.) is 5 times less susceptible to metal distortion than its AC counterpart.
Since the sensor output is 6 DoF (three position and three orientation outputs),
useful results can be obtained with one-third the number of markers required in optical sys-
tems. There are certain disadvantages; the sensor response is nonlinear, especially towards
the edges of the capture area; the wiring from the sensors tends to preclude extreme per-
formance movements; the capture volumes for magnetic systems are dramatically smaller
than for optical systems.
Despite these limitations, magnetic systems have a number of advantages over
optical systems especially for the purposes of this application. Most importantly, with
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a magnetic system, there are no issues with sensor occlusion; maintaining a clear line of
sight with the cameras would be problematic in the ‘lifting environment’ where there are
weights, boxes and staff moving within the capture volume.
Additionally, an optical system requires lengthy calibration to establish the relative
position of the cameras and, should the cameras be moved mistakenly, the process needs
to be repeated to ensure accurate measurements. Magnetic systems do not require such
procedures and are more efficient in terms of the ease of set up.
The 6 DoF sensors present a significant advantage due to the reduced number of
markers required and hence the ease of data processing; there is no sensor redundancy
which would be needed in an optical system to acquire rotational information. This is
of particular importance when tracking the pelvis segment. The geometry of the pelvis
necessitates a large number of reflective markers and a wide field of view; in contrast, a
single well-placed magnetic marker can suffice.
6.2 The Flock of Birds
For the acquisition of kinematic data, the Flock of Birds (FOB) electromagnetic system
(Ascension Technology Corporation, Burlington, U.S.A.) will be used. These have been
used, successfully, to record spinal motion (Bull and McGregor, 2000) and the movement
of the lower body (Bull et al., 1998).
These sensors (Birds) use a shared transmitter that generates a pulsed magnetic
field, which is detected by a triaxial set of coils within each sensor. The sensors resolve the
local field strength and the data (a stream of binary values) is passed via the receiver units
to the host computer which calculates each sensor position and orientation. The strength
of the transmitter field limits the range to approximately 3 metres (when using an extended
range transmitter) and offers an accuracy of ± 1.8 mm or 0.5◦ with a resolution of 0.5 mm
and 0.1◦ (Flock of Birds manual). The nature of the system means that the measurements
are sensitive to interference from nearby equipment or metallic objects (FOB manual, Bull
and McGregor, 2000, and Chung, 2004).
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The Birds can acquire data in a number of modes; these include POSITION, AN-
GLE, MATRIX, POS/ANGLE and POS/MATRIX. The Birds operate at a sampling rate
of 144 Hz but the number of measurements that the host computer can read is limited
by a number of factors; the acquisition rate is dependant on the number of sensors used
and the baud rate. The baud rate is a measure of data transmission speed, where 1 baud
is defined as one electronic change of state per second. When running five Birds in the
Position/ Angle mode at a baud rate of 19.2K, a maximum of 22 records per second per
Bird can be expected. The rate obtained by the host computer will be less than this due
to the time lags imposed by the operating system. Writes to screen or disk will also reduce
this rate.
6.2.1 The operation of the Birds
The FOB uses a single RS232 serial port to communicate between the Birds and the host
computer. The ‘Master’ Bird is the sensor that controls and coordinates the operation
of all the other Birds. The host computer communicates with the Master to set up and
operate the system. Internal switches within the transmitter set the Bird ‘number’; this
allows the system to identify each sensor and determines which Bird is the Master.
There are two types of binary data returned by the Birds in response to a com-
mand from the host. The first is known as the ‘Change/ Examine value data’ and dis-
plays the settings and operation parameters of the FOB system. The second is the ‘Po-
sition/Orientation data’ which, as the name suggests, is the data containing the position
and orientation values for each Bird. There are 2 bytes per word, with each word repre-
senting a single data record, for example, the X coordinate or the rotation about the Y
axis. At the end of the data stream, there is an additional byte which is the Bird number.
The first bit of each byte is a ‘phasing’ bit which helps the host to identify the
start of a record. Therefore only 14 bits of each word contain useful information about
the Bird, the two least important bits having been discarded to make way for the phasing
bits. This equates to an error of 0.009◦ in ANGLE mode or 0.0033 inches in POS mode.
To convert into the proper binary values, the first bit of each byte must be removed,
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B15 B14 B13 B12 B11 B10 B9 B8 Original MSByte
B7 B6 B5 B4 B3 B2 B1 B0 Original LSByte
P0 B8 B7 B6 B5 B4 B3 B2 Transmitted LSByte
P1 B15 B14 B13 B12 B11 B10 B9 Transmitted MSByte
Table 6.1: Conversion between data transmitted by the Flock of Birds and the original
binary value (Phasing and least significant bits highlighted)
the most significant byte combined with the least significant byte and then the resulting
14 bit word ‘padded’ with two 0s to form a 16 bit binary word (Table 6.1). The binary
value is converted into a signed integer and then scaled to produce the correct position,
angle or matrix value.
The data from the Birds are not sent as a continuous stream; rather they are
transmitted in ‘bursts’. However, these are not necessarily sent at regular time intervals,
neither are they of a set size. This complicates the operation of the data acquisition
program.
6.3 The FOB data capture system
This program was written in LabVIEW (National Instruments Corporation, Austin,
U.S.A.) for simultaneous acquisition of data from the Birds and the force plate.
The program should:
1. Be able to communicate with the serial port in order to transmit and receive data
and be capable of changing the settings of the port.
2. Send commands to the Master to set up the Birds.
3. Check the status of the system and perform the auto-configuration.
4. Start transmission of the position/orientation data from the Birds on command.
5. Read all the data sent from the Birds and write it to a raw data file.
6. Search for the phasing bits or the Bird address - to find the start of a data record.
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7. Break down the stream of binary values into 8 bit bytes and convert the data into
position, angle or matrix values.
8. Write the converted values with a time stamp to a data file.
9. Stop transmission of data from the Birds on command.
10. Flush the buffer - so that data is not stored and does not interfere with the results
of the following tests.
11. Function in parallel with the force plate to acquire data synchronously.
This is achieved by seperating the program into 3 major sections; the configuration
sequence, which sets up the serial port and the Birds; the data acquisition section, that
reads the data sent to the port by the Birds; and the data conversion section, which
reformats the data and converts it to a position or orientation value.
6.3.1 The configuration sequence
A standard ‘Configure Serial Port’ function is used to set up the port. This allows the user
to set the baud rate of the program, change the flow control and alter the buffer size. The
system and program baud rate must match that of the transmitter. Any incompatibility
will result in data being corrupted or misinterpreted. The baud rate of the transmitter
is set manually with internal switches and the system baud rate changed using MAX (a
National Instruments (NI) program that accesses and configures all NI instruments).
Subprograms (also known as subVIs in LabVIEW) were written to communicate
with the Birds. These are used in the configuration sequence to check the Flock status
(indicates if the Birds are accessible and if the transmitter is working in the extended range
mode) and the System status (shows if the Birds have been configured and the acquisition
mode), with the response shown in the relevant display on the control panel.
The commands are sent with a slight time delay to allow the Birds to respond,
otherwise an error is received and the program terminated. The acquisition mode may be
changed at this point by sending the appropriate command to each Bird. The measurement
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rate of the Birds can also be changed but the true acquisition rate remains unknown as it
is limited by but not determined by the measurement rate. The Birds are now operational
or ‘FLYing’, Figure 6.1(a).
6.3.2 Data acquisition
When the configuration is complete, a command can be sent to start the acquisition of
position and orientation data from the Birds. A ‘for’ loop repeatedly reads the data from
the ‘RECEIVEFROMBIRDSjuly.vi’ and then passes it to the conversion section, where it
is changed to a position or orientation value.
The loop is not timed; rather it waits until it has the required number of samples
for a single complete data set. This prevents the conversion sequence from trying to
process an incomplete data record which would result in incorrect values or loss of data,
Figure 6.1(b).
6.3.3 Data conversion
Processing runs on a ‘real-time’ basis, with each complete data record converted to a
position or orientation value as soon as it is received from the sensors. ‘String to byte
array’ and ‘Array to string’ functions are used to reformat the data and convert from a
hexadecimal to a binary string. This string is then separated into each constituent Bird
data and processed independently. This allows the Birds to operate in different modes if
required.
A sub-program (binaryconvert.vi) converts the binary string into a signed integer; it
uses a cumulative offset to remove the phasing bits of each byte and combines the LSB and
MSB by shifting by the appropriate number of bits before adding together. This signed
integer is converted to a position, orientation or matrix value by POS.vi, ANGLE.vi and
MATRIX.vi respectively, see Figure 6.1(c).
The output values are put into an array with a time stamp for each record then
written to a data file. The axes are defined as per Figure 6.2.
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(a) Part of the configuration sequence for the Flock of Birds in LabVIEW
(b) Part of the acquisition sequence for the Flock of Birds in
LabVIEW
(c) Part of the conversion sequence for the Flock of Birds in LabVIEW
Figure 6.1: Control, set-up and acquisition of data from the Flock of Birds sensors
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Figure 6.2: The Flock of Birds transmitter and sensor axes as defined by Ascension.
6.4 Programming issues
6.4.1 Configuration
Communication with the Birds is complex and this was further compounded by the issues
associated with the serial cabling. The default status of the pins in the connection port
was incorrect; in this arrangement, the computer was able to send commands to the Birds
but could not receive any data back. A length of cable was used to connect the computer
to the transmitter which had some wires cut to physically force the pins to the required
OFF state.
The current program uses software flow control to achieve the same effect. The
‘Property node’ function allows the properties of an object to be set. In this case, it
asserts an OFF value on the RTS (request to send) and DTR (data terminal ready) pins
of the serial port. This resets the Birds allowing them to ‘FLY’ and allows the host to
receive data from them.
6.4.2 Acquisition
The acquisition of data from the Birds is a relatively simple process; the difficulties lie
in timing or formatting the data so that it is suitable for the conversion procedure. As
mentioned previously, data from the Birds are transmitted in ‘bursts’ that are neither
of a set size nor at regular time intervals. The way in which data is acquired can be
manipulated to resolve this issue, either by varying the buffer size or the timing of the
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‘for’ loop.
A large buffer can be used to acquire continuous stream of information, however this
will contain no time data and there are problems writing such a long stream of numbers
to a file. Loops can acquire smaller amounts of data repeatedly; this has the advantage
that each sample has a time stamp but causes discontinuities in the data stream.
Acquiring at set time intervals can result in data samples of varying size due to the
nature of data transmission from the Birds. If the time intervals are large then a number
of data records will be read. However, due to problems synchronizing the data acquisition
and data processing functions, the data processing sequence can only be run once per
acquisition event. Therefore, if the sample is longer than a complete data record then the
remaining data is lost and the following sample may contain an incomplete data record
which will not be processed correctly.
The time interval may be reduced such that it is approximately the same as the
Birds. Then each sample received is unlikely to be larger than 2 data records. In this case,
each ‘packet’ of data can be searched for a phasing bit and a complete record extracted
if possible. The remainder of the data must then be saved and appended to the front of
the next ‘packet’ to form the next complete record. This solution is relatively complicated
and prone to errors as there may be sections of the data stream that may be mistaken for
a phasing bit or if a sample does not contain a phasing bit.
The simplest solution to this acquisition problem is to alter the acquisition function
to read a set number of bytes rather than reading at fixed time intervals. Here, the loop
is made to wait until the required number of bytes is received at the port. This does not
occur at a set time period and hence there must be a time stamp for each sample.
On testing it was found that the incorrect number of bytes is read sometimes; this is
because the program searches for termination characters by default. When this character
appears in the data, it is mistaken for a termination character and the data following it is
lost. By turning this default action off, the correct sample size is acquired. This ensures
that the sample always starts with the data from Bird 1 and it is no longer necessary to
search for the phasing bits to find the start of the record.
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6.5 Summary
The Flock of Birds electromagnetic system was chosen for the acquisition of motion data.
This system uses 6 DoF sensors to record position and orientation data. A program
was written in LabVIEW to automate the configuration and set up of the sensors. The
program overcomes difficulties associated with the pseudo-continuous transmission of data
from the sensors by using a ‘for’ loop with variable timing. The loop is made to wait until
a complete data record is received rather than running at fixed time intervals. Conversion
of the transmitted data into position and orientation values (referenced to the transmitter
global reference frame) occurs in real-time and is displayed as a 2-D plot on the user-
interface. A complete data record is sent approximately every 22 ms, this equates to an
acquisition rate of approximately 45 Hz.
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Chapter 7
Design and development of a
kinetic measurement system
This chapter presents the materials and methods used throughout the development of a
kinetic measurement system. The hardware and software requirements for the acquisition
of force data are explained. The specific design details of a forceplate compatible with
the Flock of Birds electromagnetic sensors are described. The chapter then describes the
iterative design process and validation towards the final system.
7.1 Introduction
7.1.1 System Requirements
A set of design specifications were defined for the development of the forceplate measure-
ment system. These are summarised by stating that the system must be:
• capable of measuring ground-to-foot forces in three dimensions.
• accurate and reproducible in terms of output measures to prevent propagation of
errors through the model.
• compatible with the Flock of Birds.
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• portable to allow its use in sports or occupational settings and not restricted to the
research laboratory.
• modular for ease of transport, construction, equipment repair or redesign.
• able to sustain the loads expected during weightlifting.
The force output requires thorough validation; the extensive testing of the forceplate
and associated hardware is necessary to ensure that the data is a true representation of
ground reaction force. This will require adequate signal processing or conditioning which
may be achieved through a combination of hardware or software means.
Due to the electromagnetic nature of the Flock of Birds system, the use of ferro-
magnetic components must be reduced to minimise interference which would result in
inaccurate kinematic data. Where the use of such materials is unavoidable, they must be
suitably shielded or placed sufficiently far away to prevent distortion of the magnetic field.
To maintain the portability of the system, the weight of the components should
be considered and the use of material should be as economical as possible. However, the
dimensions of the forceplate are dictated by the distance between the feet during a lifting
stance. Modularity provides the opportunity for future modifications or necessary repairs
to be made without commissioning a new design.
Finally, the forceplate must be able to operate under high loading conditions with-
out risk of damage to the sensors. From the literature, the ground reaction forces recorded
during a standard weightlifting exercise were 2000 N vertically, 250 N laterally and 1000 N
anteriorly (Souza and Shimada, 2002). For occupational lifting tasks, it can be expected
that the forces are much lower due to the smaller weights being lifted. The forceplate
should be designed to withstand these loads and have a reasonable margin of safety.
Few forceplates systems available on the market comply with all of the above crite-
ria. The overriding design consideration is that of compatibility with the Flock of Birds.
Thus the purchase of a commercial system, which was not designed with this criterion
in mind, may not be appropriate. In light of this, it was decided that a bespoke system
should be built, based on single-axis load cells that would be suitable for use in conjunc-
7.1 Introduction 112
tion with the FOB electromagnetic sensors; the design would minimize the use of metallic
or conductive components and hence reduce disruption to the magnetic field.
7.1.2 Progression of system design
In this section, the stages of the design process and subsequent modifications are sum-
marised. The basic principles of load measurement devices and forceplates are presented
in Sections 7.2 and 7.3, respectively. Following on from this, the original ‘concept’ de-
sign is introduced in Section 7.4. The acquisition electronics and analysis software which
completes the system are described in Sections 7.5.1 and 7.5.2, respectively. A prototype
was manufactured, however, preliminary testing and calibration of the forceplate raised
several issues with mechanical integrity and accuracy.
A major redesign is presented in Section 7.6.2; this involved considerable adjust-
ments to the instrumentation creating a triangular (rather than the standard rectangular)
forceplate. This second design did not prove to be any more accurate than the original
and hence was not deemed to be a suitable alternative.
The modifications made to the original design are discussed in Section 7.6.3; these
included the addition of extra instrumentation and stiffening of the forceplate. The calibra-
tion of the forceplate measurements in the vertical direction are presented in Section 7.7.1.
Unfortunately, one of the sensors was damaged before calibration in the lateral
directions could be completed. There was insufficient time within the scope of this project
to repair this sensor, recalibrate the forceplate and carry out the lifting experiments.
In order to complete the testing, there was no alternative but to reduce the forceplate
measurements to only 2 dimensions (vertical and anterior-posterior). The results of this
calibration are discussed in Section 7.7.2.
Once the calibration of the system was complete, work progressed to the lifting tests
(Chapter 8) and the calculation of joint forces using the biomechanical model detailed in
Chapter 3 and the anthropometric data from Chapters 4 and 5.
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7.2 Existing force acquisition methods
Load cells or force transducers are used to measure force; these output an electrical signal
that is proportional to the force applied. There are many kinds available, including hy-
draulic, strain gauge, piezo-electric, piezo-resistive and capacitive. All of these sensors rely
on the same principle; the applied force causes a measurable strain within the transducer,
which is converted into an electrical signal. Hydraulic systems are typically used in large
industrial applications and are not appropriate for this forceplate due to the size of the
transducer.
Strain gauges use a series of resistive elements which are connected as a bridge
circuit on a beam. Applied forces causes a deflection in the beam; this in turn leads
to an imbalance of voltages across the bridge which is proportional to the force applied.
This electrical signal output is normally in the order of a few millivolts and requires
amplification prior to use. The output of the transducer can then be used to calculate
the force applied to the transducer. However, strain gauges must be accurately placed to
ensure that the response is linear. They are also prone to temperature fluctuations and
shifts due to the dependency on resistive elements.
Both piezo-electric and piezo-resistive transducers contain a semi-conductive mate-
rial. Applied forces deform the atomic structure and cause a change in the characteristics
of the crystalline structure. In a piezo-electric material, the electric charge across the
crystal is changed whilst the resistive properties are altered by force in a piezo-resistive
element. Calibration allows the conversion of the output signal to a measure of the applied
force.
Capacitive load cells make use of the ability of the device to store an electronic
charge. The amount of charge that can be stored is directly proportional to the area
between the two plates and inversely proportional to the distance between the plates. If
the plates are separated by a spring, upon application of a force, the distance between the
plates is reduced by the amount of spring deflection. This deflection leads to a change in
capacitance, which can be calibrated and used to deduce unknown loads.
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All load cells are subject to ‘ringing’ when subjected to abrupt load changes. This
stems from the elastic spring-like behaviour of load cells. In order to measure the loads,
they have to deform. As such, a load cell of finite stiffness must have spring-like behaviour,
exhibiting vibrations at its natural frequency. This can manifest as an oscillating data
pattern. Ringing can be suppressed in a limited fashion by passive means such as increasing
the inherent stiffness. Alternatively, a control system can use an actuator to actively damp
out the ringing of a load cell. This method offers better performance at a cost of significant
increase in complexity or loss of accuracy.
7.3 General forceplate design principles
A basic forceplate is created by instrumenting a rectangular plate with a load cell in each
of the corners., Figure 7.1. The vertical component of the ground reaction force is the
sum of the vertical forces experienced at the load cells. If the load cells are tri-axial, then
the lateral forces can be calculated by summing the forces in the relevant axes, Equations
7.2 - 7.3.
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The centre of pressure (CoP) is determined from the relative vertical forces at each
of the corners, Equations 7.5 - 7.6. Thus, if all four forces are equal then the CoP is at the
exact centre of the forceplate. However, caution is required when F is very low, a small
error in F would represent a large percentage error in x and z. As such, CoP measurements
are unreliable at low vertical forces.
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Figure 7.1: Forceplate with tri-axial transducers in each corner. Magnitude and
location of the ground reaction force, F, is determined from the forces in each support.
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The top-plate must be made of a suitably stiff material so that the material’s res-
onant frequency is significantly higher than that of the measured signal and any filtering
or post-processing does not attenuate the actual signal (Hsieh, 2006; Handley et al, 1998).
This property also allows the assumption that the deformation of the forceplate in Y is
small compared to the dimensions: therefore the distance between point of force applica-
tion and load cell is fixed and no extraneous moment is imposed onto the load cell as a
result of non-axial loading.
However, the overall mass of the forceplate should be kept to a minimum. This
not only maintains portability of the system but prevents susceptibility to floor vibrations
and extraneous sources of noise (Handley et al, 1998). The system should have a high
signal-to-noise ratio; this is often achieved by signal conditioning and amplification.
Calibration techniques are used to ensure that forces are measured accurately. This
prevents errors in the data from propagating along the biomechanical model. Calibration
can also be used to compensate for any cross-talk or interference between sensors.
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7.4 Original forceplate design
The forceplate is made of 2 sections; a rectangular ‘top-plate’ (40 cm x 70 cm) forms the
external loading surface of the forceplate, the underside of which is instrumented with
load cells. A base frame forms the reference body of the forceplate and houses the top-
plate assembly such that all the load cells are under compression and are protected from
damage. The forceplate uses a left-handed orthogonal axes system, defined as having
positive directions of X (anterior-posterior), Y (vertical) and Z (medio-lateral).
The top-plate is supported by four single-axis capacitive load cells positioned un-
derneath and normal to the loading surface in each corner (Type MCL 2.5 kN, RDP
Electronics, Wolverhampton, U.K.). The vertical force is determined by simply summing
the output of these four sensors. The large range of the sensors were chosen such that each
individual cell was able to support the expected loads; this provides a margin of safety in
the case that the forceplate was loaded unevenly. These sensors are very resistant to the
effects of off-axial loading and have internal conditioning electronics. The load cells have
a length of screw thread at either end through which the forces must be applied.
7.4.1 Decoupling the horizontal load cells
Lateral forces may be measured by means of load cells mounted horizontally in the x-
and z-directions between the corners of the top-plate and the base frame. If the load cells
are well aligned then by geometry only four sensors are required (two in each direction
and mounted at diagonally opposite corners of the top-plate). Due to the lower levels
of loading expected, load cells of a smaller range were used (Type MCL 1.0 kN, RDP
Electronics, Wolverhampton, U.K.)
However, load cells can only give accurate measurements when they are the sole
support for the load; hence the vertical and lateral load cells cannot both be fixed to the
base. In this configuration, the vertical load would be partially taken up as a moment
on the end of the horizontal load cell, thus underestimating the loading and potentially
damaging the load cell (Figure 7.2(a)). Similarly any horizontal load would be partially
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sustained by the vertical cells. The design needs to separate the vertical and lateral load
cells without subjecting them to large shear forces or bending moments.
(a) Moment and shear forces acting about
the rigidly attached lateral load cell under
vertical loading.
(b) Decoupling the load cells using bear-
ings (shown in dark grey).
Figure 7.2: Arrangement of single-axis loadcells to achieve output in 3 orthogonal
directions.
The use of bearings or a low friction surface would allow the top-plate to move and
decouple the load cells. Circular thrust races are attached to the end of each load cell
to allow motion. These are thin plastic discs that hold a set of ball bearings about their
midsection in a circular formation, allowing the balls to articulate directly between two
surfaces (in this case, the load cell assembly and the base). This configuration allows for
some movement (constrained by the base) thus preventing interference between load cells
to give measurements close to the true loading (Figure 7.2(b)).
Precompression
The above arrangement of load cells and bearings only allows them to work in compression
and not in tension. Therefore with a horizontal load component, only one of the two load
cells in each direction will be in compression. The other will be unloaded as it has moved
away from the constraining wall. This can only give one reading in each of the lateral
directions and risks overloading the cell. Moreover, the crossover point between cells
would be unreliable and difficult to determine; this can cause a discontinuity in readings.
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This problem was solved by pre-compressing the cells to the middle of their com-
pressive range. In this way, the cell remains under compression when it would otherwise
be in tension. The output of the cell is then the original compressive value minus the
magnitude of the tensile force. This pre-compression was achieved using a brass plate
fixed to a length of screw thread attached to the side wall. Turning this screw would move
the plate further away or closer to the side wall thus changing the loading on the cell.
Fixation blocks are used to attach the load cells parallel to the top-plate.
Figure 7.3: Precompression system consisting of Delrin side walls (shown in grey) and
screws (in red)
7.4.2 Materials selection and construction
The choice of construction materials was severely restricted by the need to minimise the
use of metals whilst maintaining high stiffness and strength. The mechanical properties of
wood and high density polymers were considered. Some hardwoods such as oak and pine
have Young’s Moduli of around 10 GPa but these properties are highly anisotropic, being
dependant on grain direction and uniformity. Plywood offers slightly higher stiffness and
uniformity but at the cost of much reduced shear modulus.
Polyoxymethylene, also known as Delrin1 is an acetate resin marketed for use as a
1DuPont’s trade name
7.4 Original forceplate design 119
metal substitute and hence will not interfere with the magnetic field whilst still offering
good mechanical properties. In addition, it is lightweight and has a low coefficient of fric-
tion. Using simple beam bending analysis and a sheet thickness of 25 mm, the expected
deflection under loading was calculated. For a 100 kg person standing with their weight
evenly distributed between both feet (0.3 m apart), the maximum deflection is approx-
imately 0.07 mm. The properties of Delrin were deemed highly suitable for use in this
application.
The top-plate was a single sheet of Delrin measuring 40 cm x 70 cm x 2.5 cm.
Fixation points for the load cell assemblies were machined at a distance of 7 cm from
each corner. The fixation blocks for the load cells were machined from aluminium. These
were tapped to allow attachment of the load cells and recessed to minimise the height
of the total assembly. Stainless steel bolts fastened the blocks onto the underside of the
top-plate. Eight load cells are used in total, four vertically and two in each of the lateral
directions, Figure 7.4(a).
‘Top-hats’ were machined from high-density polyethylene. These were circular discs
screwed onto the free end of the load cells; these provide a bearing surface for the thrust
race, whilst a central protrusion held the bearing in alignment with the cell, Figure 7.4(b).
The base frame was also manufactured from Delrin. This consisted of a sheet
measuring 75 cm x 45 cm x 2.5 cm forming the lower loading surface with side-walls
12.6 cm high around the perimeter. These provide a loading surface for the lateral load
cells but do not extend the full length of the forceplate for weight saving purposes. Cross
struts, along the width of the base, provide additional stability to side-walls; these partially
enclose the load cells and provides protection, Figure 7.4(c).
The technical drawings for the force plate can be found in the Appendix B.
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(a) View of the top-plate from below showing four vertical
load cells and lateral load cells in opposing corners
(b) Exploded view of the load cell fixation system. Show-
ing the aluminium fixation block, load cells in blue and
the ‘top-hats’ for securing thrust races in position (not
shown)
(c) View of the base frame, with side walls to protect the
load cells and the pre-compression system in the bottom
right corner
Figure 7.4: The original forceplate design
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7.5 Data acquisition and processing
7.5.1 Acquisition electronics
The load cells were connected to a 10 volt power supply. The output signals did not need
further conditioning or amplification as the load cells had integrated electronics.
A 2110-BNC connector block and a 16-channel 6065 data acquisition (DAQ) card
(National Instruments, USA) connected the load cells to the host computer. The BNC
connector multiplexes the input signals from each load cell. The 16 channels of the DAQ
card allows each signal to be referenced against a floating source as opposed to a common
ground. This offers greater accuracy as it accounts for fluctuations in the power supply or
individual variations between sensors.
The DAQ card has a maximum sampling rate of 10 kS/sec and performs analogue-
to-digital conversion with a resolution of 16 bits.
7.5.2 Analysis software
The force plate data is processed using a custom-developed LabVIEW program. Data is
sampled from each of the eight load cells sequentially at set time intervals using a built-in
LabVIEW function for acquiring continuous analogue data. Each set of scans (in the form
of a 1-d scaled array) are decimated into the components from each channel. These values
are calibrated (See Section 7.7 below for details of calibration coefficients) and converted
from a voltage to a force. These values are fed into a formula node that calculates the
components of the effective ground reaction force, the moment acting on the force plate
and the position of the centre of pressure, Figure 7.5. The raw voltage values and force
data are written to a tab-delimited text file for later use in the biomechanical model.
A real-time display of this data is available. The user-interface displays a scrolling
time-based plot of the three components of ground reaction force and a ‘bouncing ball’
plot of position of centre of pressure relative to the forceplate coordinate system.
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Figure 7.5: Part of the LabVIEW program for converting raw voltage signals into
output forces, moments and centre of pressure.
7.6 Modifications
7.6.1 Issues with original design
Preliminary testing of the forceplate demonstrated that the accuracy of the measurements
was lower than desired with an error of over 20 N when loaded with 900 N. Analysis of
this data and detailed inspection of the prototype during testing highlighted three major
design flaws.
Significant deflection of the top-plate was seen at high loads. The difference between
the calculated deflection and that observed could be attributed to some porosity or non-
uniformity created when the acetal polymer was extruded to form sheet material. Further
stiffening of the top-plate was necessary. This may be achieved by the addition of a
secondary flange to increase the second moment of area and hence the construct stiffness.
The four lateral loads cells were, in theory, sufficient to measure all the horizontal
loads but the potential for rotation under asymmetric loading conditions was overlooked.
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In this situation, one of the un-instrumented corners may have come into contact with
the wall; this becomes load-bearing but the magnitude of the force is not known. The
addition of a fifth lateral load cell would prevent this rotation and all the forces can be
determined.
The final issue is a fundamental flaw that is also present in most commercial for-
ceplates. Namely, that the rectangular design necessitates four supports; from basic me-
chanics, it can be seen that this structure is statically indeterminate. There are only three
equations of force (vertical force, lateral force and moment) but four ‘unknowns’. As a
result, the equations cannot be solved. The implications on the forceplate are that at any
point in time, only three sensors are being loaded and the fourth is effectively redundant,
contributing only to noise and other sources of error and confusion. As such, the use of
three sensors in the vertical direction would be sufficient. Triangular forceplates have been
tested in laboratory settings previously and shown to be accurate (Gola, 1980).
7.6.2 Triangular forceplate
Major modifications were made to the forceplate to address the issues mentioned in the
previous section. Firstly, a second sheet of Delrin (L 33 cm x W 40 cm x D 1.2 cm)
was attached at a distance of 5 cm from the bottom of the top-plate. This resulted in a
significant increase in the second moment of area; deflections would be negligible even at
very high loads. However, due to the attachment points of the load cell assemblies, this
additional stiffening structure could not be extended to the edges of the forceplate and its
effects were limited to the central region. This was not deemed to be a problem as the
highest loads would be experienced in the centre of the forceplate under normal testing
conditions.
Secondly, rearrangements of the load cells were made to address both the problems
of rotation and static indeterminancy. The number of vertical sensors was reduced to
three. These were attached to the bottom-right (BR), bottom-left (BL) and mid-point
of the top edge of the forceplate (between TL and TR) as shown in Figure 7.6(a), where
the forceplate is orientated such that the top edge is on the left. Five sensors were used
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to measure the lateral forces; two at both top-right (TR) and bottom-left (BL) corners,
to measure forces in the x- and z- directions, and one at bottom right (BR), to measure
forces in the x- direction only. Relative rotation of the top-plate is no longer possible and
all lateral forces are accounted for.
(a) Design of a triangular forceplate.
(b) Position of loading points for testing of the triangular forceplate in
the vertical direction.
Figure 7.6: Design and testing of a statically determinate triangular forceplate.
(Shown rotated 90 degrees left from orientation used in laboratory)
The accuracy of this design was tested by applying known loads, Figure 7.6(b). Dis-
appointingly, this forceplate was not significantly more accurate than the original design.
Furthermore, this slight increase in accuracy was accompanied by a decrease in top-plate
stability particularly towards the left hand side of the forceplate (which only has one sup-
port). This could potentially be dangerous for the user especially during the heavy lifting
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tasks. It was also hypothesised that the errors were partly due to the localised bending of
the top-plate at the corners where the stiffness of the top-plate was lowest. This could in
the application of extraneous moments and non-axial loading of the sensors.
7.6.3 Final design
The end design reverts to the original four vertical load cell set up whilst maintaining the
use of five laterally, Figure 7.7. This necessitated the purchase of an additional sensor
and modifications to one of the fixation blocks to accommodate this sensor. A lightweight
aluminium frame was also constructed to rigidly connect the fixation blocks. Extraneous
moments were no longer possible and pure axial loading of the sensors can be ensured.
The Delrin sheet, minus the secondary structure, was secured to the frame.
All the issues previously mentioned were addressed and suitable solutions imple-
mented. At this stage, the system was deemed ready for calibration to ascertain accurate
voltage-to-force conversion values. Calibration in the vertical direction was performed
first. Unfortunately, during the course of testing, one of the lateral load cells was dam-
aged. There was insufficient time within the scope of this project to repair this sensor,
recalibrate the forceplate and carry out the lifting experiments. In order to complete the
testing, there was no alternative but to reduce the forceplate measurements to only 2
dimensions (vertical and anterior-posterior). The loss of medio-lateral data is not detri-
mental to the study as the model proposed in Chapter 3 is two-dimensional. Additionally,
it has previously been shown that the medio-lateral forces during lifting are much smaller
relative to the anterio-posterior forces and are approximately 150 N and 1000 N respec-
tively (Davis et al., 1998; Souza and Shimada, 2002).
7.7 Forceplate validation
A number of tests were performed to assess the accuracy of the forceplate. There are
5 intrinsic errors or aspects of ‘accuracy’ that need quantification; uniformity, linearity,
hysteresis, noise and repeatability (Draper, 2000). A regression line is defined for the
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Figure 7.7: Final forceplate design, using 9 load cells to account for all the lateral and
vertical forces.
load-output curve. Linearity errors are taken to be the deviation from this line during
loading and hysteresis is the deviation from this line during unloading. Noise is defined
as the maximum and minimum signal magnitude when a sample is taken at a fixed load.
Repeatability was defined as the change in calibration coefficient when the calibration
protocol was repeated. Uniformity is the deviation from the mean regression line as
loading is applied at different points across the forceplate.
A suitable protocol for testing these parameters in both vertical and horizontal
directions was devised. These tests were done with static loads, which is the standard
method for forceplate validation (Hall et al., 1996; Handley et al., 1998; Hsieh, 2006).
The possibility for dynamic testing exists; this may be achieved by the use of a
materials testing machine or the use of a pendulum. The forceplate geometry and size
prevented it from being tested in the machine. The pendulum method uses a swinging
weight; optical devices are used to determine the acceleration of the weight and hence the
forces that are imposed. However, for safety reasons, this method is only suitable for small
loads and not the range that is required for this forceplate.
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7.7.1 Vertical testing and calibration
The output in the vertical direction, y, was calibrated by applying dead weights of up to
900 N across the whole measurement surface. A purpose built ‘point loader’ allowed the
accurate application of load, thus permitting the vertical plane moments to be measured
simultaneously. This consisted of a vertical central shaft to which a loading plate is
attached. The shaft is housed within a frame, which provides stability, and a set of linear
bearings to minimise friction and shear forces. A ball bearing at the base of the shaft was
used to transmit the load to a point on the force plate (Figure 7.8).
Figure 7.8: The point loader - showing loading plate, vertical load shaft and frame
The forceplate was tested at 15 points, spaced 14 cm apart in the z-direction and 13
cm apart in the x-direction, where positions 1, 5, 11 and 15 are directly above the vertical
load cells (Figure 7.9). This allows testing for uniformity and linearity of response. Each
testing point was loaded up to 900 N using a series of calibrated known weights. The force
that could be tested was limited by the stability of the weight stack. The weights were
then taken off and the whole loading-unloading cycle repeated. The output voltages for
all the load cells were recorded throughout. 100 data points were taken at each load to
investigate the noise characteristics of the sensors and account for signal drift.
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Figure 7.9: Position of loading points for testing of the forceplate in the vertical
direction
MatLab’s least-square regression function2 was used to calculate the calibration
coefficient given the recorded signals and known loading. Both signal-force and signal-
position calibrations were performed. This protocol allowed uniformity, linearity, hystere-
sis and repeatability to be quantified. Assessment of noise was performed at zero and
maximum load as well as two intermediate loads.
Results of the vertical calibration
The calibration coefficients for the load cells are summarised in Table 7.1 and plotted
in Figure 7.10. Column ‘Av. 1’ of Table 7.1 displays the average conversion value from
voltage to force for each constituent load cell across all loading conditions, whilst the ‘St
Dev’ column quantifies the linearity of the signal-force curve. The position-independent
calibration at each load (average of the signal from each load cell) is summarised in Row
‘Av. 2’. The calibration coefficient for the forceplate as a whole is shown in bold; this is an
aggregate value derived from the individual load cells. Applying this conversion value to
all the signals results in an average error of 4.51 N. This is a large reduction in error (25.7
N) when compared to the forces calculated using the manufacturer’s supplied calibration
2Version 7.3.0.267 (R2006), The MathWorks Inc., Massachusetts, USA
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coefficient of 250 N/V.
Hysteresis and noise errors at the centre of the forceplate are quantified and shown
in Table 7.2. Upon unloading, force values are slightly over estimated and noise is of the
order of 6 N. No differences were seen upon repeating the loading cycle.
Table 7.1: Calibration coefficients (Newtons/Volts) for vertical loading. Signal-
position calibration shown in Column ‘Av. 1’ and signal-force calibration in Row
‘Av. 2’. Forceplate calibration value shown in bold, calculated as the average of
calibration coefficient for each load cell.
Load 200 N 400 N 600 N 700 N 800 N 850 N 900 N Av. 1 St Dev.
Signal 1 269.8 265.4 265.4 266.4 267.0 267.2 267.6 266.8 1.35
Signal 2 249.6 250.5 251.5 250.9 250.7 250.7 250.9 250.6 0.58
Signal 3 267.8 264.1 263.6 263.0 263.0 262.8 262.7 263.8 1.58
Signal 4 256.7 257.6 257.0 257.0 256.7 256.7 256.7 256.9 0.33
Av. 2 261.0 259.4 259.4 259.3 259.4 259.4 259.5 259.6 0.52
Figure 7.10: Calibration coefficients for the load cells in the vertical direction plotted
as a function of applied load
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Table 7.2: Hysteresis and noise errors at different vertical loads
Load Hysteresis Noise (+ve) Noise (-ve)
0 N 6.92 5.79 -5.16
200 N 11.05 7.06 -7.35
500 N 7.25 6.09 -6.22
900 N -0.80 6.71 -4.84
Discussion
Signal-position calibration has shown that the response of each sensor is linear and repeat-
able. The differences between the coefficients of each input signal are not an indication of
non-uniformity, rather it demonstrates the individual characteristics of the sensors. The
amount of noise is larger than desired as it is the summation of the noisy signals from each
sensor. No filtering or any other data processing has been performed so with adequate
post-processing the effects of noise can be significantly reduced. The presence of hysteresis
is unexpected and is most likely due to friction between the lateral load cells and the side
walls. However, it does not seem to be a direct function of applied vertical load.
The accuracy of the forceplate is adequate for the needs of this project but further
work is needed before this system fulfils all the original design requirements. Given the
time restraints on this work, it was not possible to carry out these changes.
7.7.2 Lateral testing and calibration
Forces were applied in the horizontal plane using a pulley system to calibrate lateral
forces. The rig comprised of a wooden board with a length of steel angle attached along
one edge. A second length of angle is attached perpendicular to the first; this holds a
pulley level with the top of the forceplate. The force was applied as close to the surface of
the plate as possible to minimise the moment about the horizontal axis perpendicular to
the applied force and to simulate the position of lateral load application at the foot. The
forceplate sits on this board, flush with the first angle which prevents relative movement
or rotations of the forceplate. In this configuration, loads perpendicular to the main axes
may be applied (Figure 7.11(a)). Screws were attached to the forceplate at points midway
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between the sensors in the x- and z- directions. These were used to apply lateral tensile
force to the plate by means of a steel wire. Calibrated masses were hung on the other
end; a pulley converted the vertical load to a horizontal force. During this protocol, the
forceplate needed to be raised off the floor; the test was conducted on a laboratory bench
with the board clamped securely onto the bench.
(a) Testing in an orthogonal direction along the
main axis
(b) Close up of testing rig (c) Testing at an angle of 45 degrees
Figure 7.11: Set up for testing of the forceplate in the lateral directions
Loads of up to 300 N were applied. This was within the specified range of the load
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cells. Pin B, positioned between the load cells at the top of the forceplate was tested
only in the positive x-direction. Pin C, situated at the bottom, was tested only in the
negative x-direction. Loads in the opposite directions were not tested due to the large
distance between the pin and the pulley; this would magnify any vertical moments and
potentially lift the top-plate out of the base. Pins A and D were tested in both directions.
The positions of the testing pins are shown below (Figure 7.12).
Figure 7.12: Position of loading points for testing of the forceplate in the lateral
directions
Table 7.3: Calibration coefficients for lateral loading and unloading
Signal 1 Signal 2 Signal 3 Mean error St Dev.
Loading -143.8 -112.1 136.6 4.1 3.3
Unloading -148.8 -89.2 125.7 15.2 11.4
Combined -150.3 -97.3 130.7 13.6 10.2
The effects of hysteresis are more pronounced during lateral testing, Table 7.3.
Frictional effects, the probable cause of hysteresis vertically, is unlikely to be a major
concern as the vertical forces, and hence friction, during testing were low. This would
suggest that there are additional mechanical factors that contribute to this change in
loading with direction. The large mean errors and variation indicate that these extraneous
effects are inconsistent. Further analysis of the design and the loading profile is required.
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This is likely to be complex and is currently outside the scope of this study.
7.8 Summary
A forceplate was built from Delrin and aluminium; the design of which aimed to measure
ground reaction forces in three dimensions using only single axis load cells through the
use of bearings. Unfortunately, due to equipment failure, the forceplate was calibrated
and used in only 2 directions (vertical and anterio-posterior). This is sufficient for the
2-D model used in this thesis. The forceplate had a range of 10 kN vertically and 1 kN in
the lateral direction. Testing showed that the output of the forceplate was uniform across
the loading surface. However, there was a degree of hysteresis observed, this was of the
same order of magnitude as noise so was deemed acceptable. Average error was 4.5 N
vertically. The lateral testing indicated that errors were larger and hysteresis was more
pronounced with a mean error of up to 15.2 N. Custom software was written in LabVIEW
to acquire the output signals from the forceplate and convert it to the correct force value.
The effective ground reaction force and centre of pressure was then calculated, written to
file and displayed in a real-time graph on the user-interface.
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Chapter 8
Experimental methods
This chapter details the instrumentation and testing protocol for the experimental study,
the acquisition of data and its subsequent processing in LabVIEW and MatLab. This
results in the generation of joint centre information from Bird sensor data which is then
combined with forceplate data to calculate joint loading parameters.
The study aimed to test 10 subjects from each of the three population groups:
rowers, weightlifters and healthcare professionals. Volunteers were recruited from local
hospitals, weightlifting and rowing clubs via posters and word-of-mouth. It was anticipated
that an equal number of males and females would be recruited into each group to account
for the effects of gender-related bias. However, in practice it was unachievable to recruit
sufficient female weightlifters due to a relatively small female participation rate within the
sport.
Two independent variables were under investigation; the external loading, type of
loading (weighted box or Olympic bar). For brevity, these will be referred to as ‘weight’,
‘box’ or ‘bar’. The entire action of raising the weight from the start position to the finish
will be denoted as a ‘lift’.
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8.1 Subject population
Prospective subjects were interviewed prior to commencing the study to assess their suit-
ability for the study. Volunteers were recruited on the basis of good general health and
sufficient experience of lifting. The additional inclusion criteria for the study were that
the volunteer must be asymptomatic for back pain, with no episodes of back pain in the
preceding year lasting more than one week or which required medical attention and have
a good knowledge of English. Volunteers were excluded from the study if they were cur-
rently suffering from any musculoskeletal problems at the time of testing or if they did
not demonstrate adequate experience of lifting.
The volunteers were given an information sheet explaining the reasons behind this
study and were informed of the experimental protocol and the potential risks associated
with participation. They were also given the opportunity to discuss the study with the
investigators prior to commencing the study, in accordance with the guidelines provided
by the Ethics Committee. Volunteers gave informed written consent agreeing to take
part. Ethical approval for this study, participant information sheet and consent form
were obtained from the Brent Medical Ethics Committee in West London (REC num-
ber 06/Q0408/33). Volunteers were asked to complete a short questionnaire about their
occupations, lifting habits and any previous history of back pain (See Appendix C).
In total, 19 subjects were recruited but they were not evenly distributed across
the population groups. Only one male subject was tested in the weightlifter group. At
the time of the study, the athlete trained with the national weightlifting team, with three
years of competitive lifting experience. Three female subjects were tested in the healthcare
professionals group; this was made up of one nurse and two physiotherapists with an
average of 15 years of occupational lifting. Of the eight male rowers tested there were
two elite and six top-level university athletes. Seven female rowers were tested, six of
whom were top-level university athletes and one was a club-level rower. The rowers had
an average of 6 years of weight training experience. The mean subject mass, height, age,
years of experience and weights lifted during testing are shown in Table 8.1.
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Weightlifters Rowers Healthcare professionals
Male Female Male Female Male Female
Number 1 0 8 7 0 3
Age (yrs) 22 - 21.6 (1.69) 25.0 (2.58) - 39.9 (11.0)
Height (m) 1.81 - 1.86 (0.06) 1.72 (0.04) - 1.63 (0.07)
Weight (kg) 131 - 81.8 (7.53) 65.1 (3.95) - 66.7 (15.1)
Experience (yrs) 3 - 5.13 (2.10) 6.29 (1.25) - 15.0 (8.66)
Light Box (kg) 15 - 16.8 (3.72) 8.83 (1.83) - 5.00 (1.73)
Medium Box (kg) 30 - 28.6 (3.34) 17.8 (3.49) - 8.67(3.06)
Heavy Box (kg) 45 - 41.0 (5.23) 27.3 (4.72) - 14.0 (4.0)
Light Bar (kg) 35 - 22.8 (2.48) 20.7 (1.89) - 15.0 (8.66)
Medium Bar (kg) 70 - 44.4 (7.29) 30.0 (4.33) - 19.0 (9.85)
Heavy Bar (kg) 85 - 66.3 (10.6) 41.3 (7.11) - 23.3 (10.6)
Table 8.1: Characteristics of the volunteers for the lifting study, mean values and
standard deviations in brackets
8.2 Testing protocol
The study was seperated into 3 sections; the digitisation procedure, the maximum lift
test and the main lifting task. There was also an optional anthropometric study for
subject-specific body segment mass data. It had been anticipated that the results of this
anthropometric study would be combined with the lifting data to calculate joint loading
using the model previously described in Chapter 3. However, as shown in Chapter 5,
the balance board method was not deemed to be sufficiently accurate. In the absence of
experimental data, a standard estimation method was used to determine segment param-
eters (Pheasant, 1986). This model was chosen for its simplicity, internal consistency and
completeness.
8.2.1 Digitisation of bony landmarks
The volunteer was instrumented with three FoB sensors. These were positioned at the
top of the lumbar spine (level with the thoraco-lumbar junction), sacrum (level with the
posterior-superior iliac spine) and calf. The location of the lumbar spine and sacrum
were determined by direct palpation of the spinous processes, iliac crest and Dimples of
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Venus1. These sensors were attached using adhesive hydrogel pads (PAL stickies), and
further secured with medical grade adhesive tape. A sensor was placed on the lateral
aspect of the left calf, inferior to the knee joint at a distance approximately equal to
one-third of the calf length. This was secured onto the leg using a custom-made strap.
A fourth Bird was attached to a stylus and used to digitise the lateral and medial
epicondyles of the knee and the lateral and medial malleoli of the left leg (see Chapter 3 for
further details). The sensor was then strapped to the thigh; the volunteer performed the
‘functional test’ by moving the left leg through the largest comfortable range of motion.
A recording of at least 15 seconds was taken at each step to ensure sufficient data points
for the ‘sphere-fitting’ program.
Finally, the volunteer bent forward and leant back as far as possible to determine
the ‘natural’ range of the L5-S1 joint in flexion and extension when not subjected to
external loading.
8.2.2 Defining maximum lifting ability
A preliminary test was necessary to establish the individual’s maximum lifting capacity.
This was performed for both the weighted box and bar. The ‘Maximum lift’ (MAX) is
defined as the largest weight that the participant can lift in a safe and controlled manner.
This MAX was determined using the incremental procedure as outlined in Table 8.2, with
rests of approximately 2 minutes between each weight increment. The multiple repetitions
at the lower weights acts as a warm up; this targets the specific muscles involved in the
lifting motion and is preferable to an aerobic based warm up such as a jog or short cycle.
It also permits the participants to acquaint themselves with the equipment and testing
environment prior to performing the main lifting task.
A percentage of the MAX determined the weight lifted in the subsequent tests and
is described later in Section 8.2.3. This allowed the external loading to be normalised
across the study populations who have mixed lifting abilities. This test was not always
necessary for rowers or weightlifters using a weighted bar as they are regularly tested for
1Two sagittally symmetrical indentations directly superficial to the two sacroiliac joints.
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(a) Locating the lateral epicondyle (b) Locating the medial epicondyle
Figure 8.1: Locating the epicondyles of the knee using the digitisation method. Land-
mark of interest indicated by the star and sensors by the red circles, one of which is
attached to a stylus (black rectangular object in photograph)
Figure 8.2: Locating the hip joint centre using the functional method. The position
of the sensors are indicated by the red circles.
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1st set 10 repetitions using a light box e.g. 5 Kg
Rest
2nd set 8 repetitions using a slightly heavier weight e.g. 7.5 Kg
Rest
3rd set 5 repetitions using a larger weight e.g. 10 Kg
Rest
4th set 2 repetitions using an increased weight e.g. 12.5 Kg
Rest
5th set 1 repetition using further weight increment e.g. 15 Kg
Rest
6th set 1 repetition using further weight increment e.g. 17.5 Kg
Rest
Continue increasing weight until participant can lift no more
Repeat with weighted bar
Table 8.2: Outline of the ‘Maximum lift test’ for determining participant lifting ca-
pacity.
this MAX during the course of their training programme. In this case, it was up to the
volunteers to determine if they were sufficiently warmed up to proceed onto the main
lifting tasks.
8.2.3 Main lifting task
The stylus Bird was removed from the thigh and attached to the weighted box or bar to
record the movement of the weight during the lifting tasks. The calf, pelvis and lumbar
Bird were left untouched. The volunteer stood with the left foot on the forceplate; the
right foot and weights were supported on a custom built un-instrumented platform. The
platform serves 2 purposes; firstly, it raises the floor level with the forceplate and secondly,
it protects the floor from damage if weights are dropped. This platform has a slight over-
hang at the front to suspend the weighted box off the forceplate whilst allowing the
volunteer to stand sufficiently close to the box to adopt a good lifting position and remain
in the centre of the forceplate (Figure 8.3).
Subjects were asked to perform a series of lifting tasks with a weighted box and a
weightlifting bar to simulate both occupational lifting and lifting for sport. The order of
the experiments (weights and tasks) were not randomised. The rowers and weightlifters
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        Volunteer
ForceplateLifting platform
Weight
Figure 8.3: Diagrammatic representation of the lifting platform
performed the bar lift first, whereas the nurses started with the box lifting task. This
allows the participant to complete the task with which they have more training or are
more accustomed to first and ensures that the subject is fully prepared for the heavy
weights. However, this does not account for systematic effects such as fatigue.
A range of weights were used investigate the effect of external loading on technique.
The weights lifted were set at approximately 25%, 50% and 75% (or 80 kg, whichever is the
lower) of the participant’s MAX; this allows normalisation of loading between subjects.
These are also referred to as a ‘light’ weight, a ‘medium’ weight and a ‘heavy’ weight. The
exact percentages of MAX were not obtainable due to the discrete nature of the weights
available.
The volunteers performed 10 lifts at 25% followed by 7 lifts at 50% and 5 lifts
at 75% of their MAX with rests of approximately 5 minutes in between each set. This
protocol was designed to allow the volunteer to aquaint themselves with the lifting motion
at the lighter weights in preparation for the later, more physically demanding tasks. Sets
were interspersed with rest periods to allow the participant to recover and to minimize the
effects of fatigue, which is outside the scope of this investigation. The height of the lifts
were standardised as 15 cm above ground level to chest height for the bar and 24 cm above
ground to waist height for the box. Bird position and orientation data were simultaneously
acquired with kinetic data from the forceplate during the entire lifting trial.
The bar lifted was a standard ‘Olympic’ bar, 3 cm in diameter and 2.1 m long,
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weighing 20 kg. Weighted discs ranging between 18-30 cm in diameter and 1.25-10 kg in
weight were added to the bar to increase the total weight as appropriate up to a maximum
of 80 kg. This limit was imposed for Health and Safety reasons as the laboratory site is
not suitable for heavy weightlifting activities. For some subjects, the bar exceeded 25% of
their MAX. In these cases, a custom-made wooden bar weighing 5 kg was used.
The discs were placed inside a sturdy plastic box (38 cm (D) x 59 (W) x 24 (H))
for the box lifting task. The total weight of the box was limited to 50 kg for 2 reasons.
Firstly, the box was not sufficiently strong to hold more weight; secondly, the ergonomics
of the box were poor. This created discomfort to the hands at heavier loads.
8.3 Data processing and analysis
The digitisation files for each subject were inputted into a LabVIEW program ‘myfunc-
tionalstuff.vi’. This program estimated the position of the stylus tip using a ‘sphere-
fitting’ process and subsequently determines the offset vector between the digitised land-
mark and the nearest Bird. These offset vectors were used in ‘Jointcentres.vi’ to calcu-
late the positional data of the ankle, knee and hip joint centres using the Bird data from
each lifting task. (See Section 3.3).
Time data was interpolated to remove repeated time stamps. Kinetic and kine-
matic information were filtered using a 2nd order Butterworth band-pass filter (Fpass =
1 Hz, Fstop = 15Hz). These input data sets were combined with subject specific anthro-
pometric estimates and joint kinetics calculated using the program forceback.m. This
implements the mathematical model previously described in Section 3 in a series of sub-
routines, Figure 8.6. Each subroutine outputs the kinetics and kinematics of a joint and
further smoothes the data with a 5-point moving-averager to prevent ‘spikes’ which may
result from the discrete nature of the Bird recordings.
8.3.1 Characterisation of key events
Six key events were identified within each ‘complete’ lift. These were:
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(a) Start of the box lifting task (b) Finish of the box lifting task
Figure 8.4: Start and finish positions of the box lifting task. Position of the sensors
shown in red.
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(a) Start of the bar lifting task (b) Midpoint of the bar lifting task
Figure 8.5: Start and intermediate positions of the bar lifting task. Position of the
sensors shown in red.
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Figure 8.6: Schematic showing the flow of data from acquisition through processing
to output measures
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Start, T1 The start of leg extension, defined as the first point at which both knee joint
velocity and acceleration are positive.
Start of lift, T2 The start of the weight movement upwards, defined as the point at
which the height of the Bird on the weight is 10 mm greater than the threshold
value (the height of the Bird at time T1).
End of lift, T3 The end of the weight movement upwards, defined as the point at which
the height of the Bird on the weight reaches its maximum value.
End, T4 The completion of the leg extension, defined as the point where knee joint angle
reaches its peak value.
Return, T5 The end of the lowering phase, defined as the point at which the height of
the Bird on the weight falls below the threshold value set at T2.
Finish, T6 The completion of the leg reflexion to lower the weight to the ground. This
is defined as the end of the knee joint angular deceleration phase.
Using these event markers, the key phases of the lift may be separated for analy-
sis. The ‘lift’ phase was characterised into percentage points, with 0% representing the
‘Start’, T1, and 100% representing the ‘End’, T4. The ‘lower’ phase was characterised in
a similar manner from T4 to T6. The range of weight movement from T2 to T3 was also
characterised to percentage points. This allows normalisation of the data between and
within subjects.
8.3.2 Data Analysis
A large number of variables were calculated by the mathematical model; however, for the
purposes of this study, a few key execution parameters concerning the lumbo-pelvic region
were selected for analysis. Paired T-tests were performed for each variable to assess the
differences as load weight was varied, once tests of normality had been satisfied (where the
magnitude of the Z score, calculated from skewness and kurtosis, is not greater than 2).
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Two-way repeated measures ANOVA were performed to investigate the effect of varying
task and weight and the interaction between the two variables.
Table 8.3: Key variables selected for the assessment of differences across load condi-
tions.
Temporal Duration of lift
dT (T2 - T1)
Postural Lumbar orientation at start
Pelvis orientation at start
Lumbo-pelvic angle at start
Lumbar orientation at end
Pelvis orientation at end
Lumbo-pelvic angle at end
Kinematic Magnitude and timing of maximum lumbar angle
Magnitude and timing of minimum lumbar angle
Magnitude and timing of maximum pelvis angle
Magnitude and timing of minimum pelvis angle
Maximum lumbar velocity
Maximum pelvic velocity
Kinetic Moment at start of lift
Moment at end of lift
Magnitude and timing of maximum moment
Magnitude and timing of maximum compressive and shear forces
Lever arm between weight and L-P joint
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Chapter 9
Results
In this chapter, the results of the lifting tests are presented, with a particular focus on the
movement characteristics of the pelvis and lumbar spine. The estimated intersegmental
forces and moment at the lumbo-pelvic (L-P) joint are also detailed.
All subjects completed the test protocol successfully. However, some of the data
sets were incomplete or corrupted and hence the number of files available for analysis
was reduced. For this study, the presentation of results was limited to the kinetics and
kinematics of the L-P joint, more specifically;
1. The orientation of the lumbar spine and pelvis segments
2. The L-P angle
3. The compressive and shear forces acting on the L-P joint
4. The resultant moment acting about the L-P joint
5. The distance between the external load and the L-P joint (effective lever arm)
A descriptive analysis of load-, task-, and subject related-differences was performed.
Subsequently, a statistical analysis of key events and timings was completed. Three sub-
ject groups were tested: Rowers (n=7), Nurses (encompassing both nursing staff and
physiotherapists) (n=2) and Weightlifters (n=1). The following three sections present the
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results for the Rowers whilst the results for the Nurses and Weightlifters are presented in
Section 9.4.
9.1 Lumbo-pelvic kinematics
The segment angles were referenced clockwise from the right hand horizontal such that, in
the standing position the segment angles are approximately -90◦. Anterior rotation was
denoted by more negative angles (θsegment tends to -180◦) whilst posterior rotations were
denoted by more positive values. Positive and negative lumbo-pelvic joint angle values
represented extension and flexion, respectively.
Figure 9.1: Schematic defining segment orientation, θsegment, and joint angles
There were marked inter-subject differences in the movement of the pelvis and
lumbar spine with the different lifting tasks.
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9.1.1 Description of bar lifting technique
The start position was achieved by the anterior rotation of the pelvis and flexion of the
lumbar spine such that the L-P joint was in flexion (indicated by a negative angle). During
the light bar lift, the extension of the pelvis (posterior rotation) generally had a parabolic
profile, with two periods of low angular velocity separated by the rapid increase of pelvic
angle (Figure 9.2(a)).
For some subjects, the profile shown in Figure 9.2 was observed. The start angle
is not maintained, resulting in a decrease in pelvic angle (Phase 1). This is commonly
observed in weightlifting, indicating a dominance of the knee extensors over the hip ex-
tensors (Brown and Abani, 1985) and has been described as ‘bum-shoving’ in rowing
(McGregor et al., 2004, 2005). The subsequent rapid posterior rotation (Phase 2) caused
over-extension and a second period of flexion or ‘rock-over’ (Phase 3), was required to
achieve the desired upright finish position.
As the load was increased, all subjects developed this flexion/over-extension profile.
Both the initial decrease in angle and over-extension became more pronounced. The end
of the ‘bum-shove’ phase tended to be later, resulting in a significant increase in pelvis
angular velocity (p<0.025) in order to complete the lift.
The characteristics of the lumbar spine motion mirrored that of the pelvis. This
also developed a flexion/over-extension profile with additional loading (Figure 9.3(a)).
Subject C in Figure 9.3(b) exhibited a sustained plateau during the light lift; the
lumbar spine did not rotate posteriorly until approximately 35% of the lift. This may
be indicative of good control of the trunk muscles as the subject is able to maintain the
orientation of the spine during the initial leg drive phase of the lift. However, additional
loading again resulted in the development of a ‘bum-shoving’ manoeuvre. In lift 3, it
can be seen that the ‘rock-over’ phase over-corrected the lumbar extension and a small
flexion phase occurs at the end. This ‘over-correction’ is seen for both pelvic and lumbar
segments.
The profile of lumbo-pelvic angle was more variable than either of the constituent
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(a) Pelvis segment orientation in the sagittal plane for one subject lifting a light bar plotted against
normalised time. (Three complete lifts shown, 0% and 100% represent start and end of the first lift
respectively)
(b) Pelvis segment orientation in the sagittal plane for one subject lifting a light and heavy bar plotted
against normalised time. 1 = Phase 1, ‘bum-shoving’. 2 = Phase 2, ‘extension’. 3 = Phase 3, ‘rock-over’.
RO1 = magnitude of ‘rock-over’ for light lift. RO2 = magnitude of ‘rock-over’ for heavy lift. (Three
complete lifts shown, Subject A.)
Figure 9.2: Pelvis segment orientation in the sagittal plane.
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(a) Orientation profile of the lumbar spine, Subject B
(b) Orientation profile of the lumbar spine, Subject C
Figure 9.3: Lumbar spine orientation in the sagittal plane for two subjects lifting a
light and heavy bar plotted against normalised time. 1 = Phase 1, ‘bum-shoving’. 2
= Phase 2, ‘extension’. 3 = Phase 3, ‘rock-over’. RO1 = magnitude of ‘rock-over’
for light lift. RO2 = magnitude of ‘rock-over’ for heavy lift. OC = magnitude of
‘over-correction’ (Three complete lifts shown.)
9.1 Lumbo-pelvic kinematics 152
segment angles. Two examples are discussed here. The light lift in Figure 9.4(a) can be
approximated into 2 phases. During the first half of the movement cycle, the L-P angle
is maintained constant (Arrow 1). Rapid extension of the L-P joint occured in the latter
half of the lift (Arrow 2). A similar profile was seen in the second example, Figure 9.4(b),
with the exception of a small initial extension. The relative timing of this second high
angular velocity phase appeared to be consistent across trials.
Despite similarities in the lighter lifts, the response to increased external loading
was markedly different between subjects. All subjects exhibited an initial phase of flexion
during the lift but the timing, duration and magnitude of this event showed considerable
variation. This was generally a smooth consistent peak, unlike the ‘wobble’ indicated by
an asterisk in Figure 9.4(a). The profile in Figure 9.4(b) suggests a loss of L-P control
resulting in a second phase of back flexion (indicated by the ‘Flex’ arrow) during the
lift. The back does not reach the same level of extension at the end of the lift with this
increased load. In general, the L-P angle at the finish was reduced with increased loading.
Table 9.1 summarises the characteristics of the lifts. No significant differences in
initial and finish angles between light and heavy bar lifting were seen for either lumbar
or pelvic segments; this may be due to the large variation in values between subjects.
The difference between the start and finish angles also do not show significant changes
with increased weight. The finish L-P angle was reduced significantly by increased loading
(p<0.05). This suggests that the subjects are in a more hyper-extended position at the
end of a light bar lift.
The magnitude of the ‘bum-shove’, defined as the difference between the start angle
and the maximum flexion angle (end of Phase 1), appears to increase with weight for both
segments. The magnitude of the ‘over-extension’, defined as the difference between the
maximum extension angle and the finish angle, was also increased with weight for both
segments. ‘Over-correction’, the difference between the local maximum flexion angle and
finish angle (as indicated by OC in Figure 9.3(b)), was smallest for the light lift. This
suggests that there is a lack of control at the end of the medium and heavy lifts and the
subjects must readjust their bodies to achieve the desired final position. Furthermore, the
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(a) Orientation profile of the lumbo-pelvic joint, Subject D
(b) Orientation profile of the lumbo-pelvic joint, Subject A
Figure 9.4: Lumbo-pelvic joint angle plotted against normalised time for two subjects
lifting a light and heavy bar. Arrow 1 = slow extension phase (light lift). Arrow 2 =
rapid extension phase (light lift). Ex = extension phase (heavy lift). Flex = flexion
phase (heavy lift). * = possible loss of control. (Three complete lifts shown.)
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duration of the lift increased with load from 1.39 (SD 0.39) seconds with the light bar to
2.02 (SD 0.35) seconds with the heavy bar (p<0.025) (Table 9.1).
9.1.2 Description of box lifting technique
The start position was achieved in a similar manner to that of the bar lift. Completion
of the lift was performed differently and with less consistency than that observed with
the bar lifting task. Of note, the over-extension of the lumbar spine and pelvis was not
seen, even with heavy loads. However, a degree of ‘bum-shoving’ was present throughout
the light lifts. As the weight of the box increased, this ‘bum-shove’ occurred later in the
lift cycle and became more prominent. The range of lumbar motion tended to decrease
with load whereas the range of pelvic movement increased (Figures 9.5(a), 9.5(b), 9.6(a),
9.6(b)).
In general, there was a larger variation in the way in which the volunteer responded
to the heavier loads. This was evident in the L-P angle profiles. The light box lift in
Figure 9.7(a) was completed in a similar manner to that for the light bar in Figure 9.4(a).
However, this subject responded to the heavy load with a greater degree of initial back
extension which they did not maintain during the start of the lift. Subsequent back
extension was limited and total range of motion was small.
For most subjects, the profile for the medium load was approximately between the
light and heavy profiles, exhibiting features common to both. Three volunteers showed
very different profiles for the medium weight (Figure 9.7(b)). The response to the heavy
weight was as expected; back flexion increased during the beginning of the lift, back
extension was delayed and total range of motion was reduced. At intermediate loads, the
onset of back flexion was much later and followed a substantial period of time for which
L-P angle was maintained.
Despite the variability between subjects, paired T-tests indicated that there were
significant differences in lumbar angles as the weight of the box increased at both the
start and finish of the lift. The time taken to complete the lift also increased with load,
Table 9.2. The magnitude of the lumbar ‘bum-shove’, defined as the difference between
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(a) Orientation profile of the lumbar spine, Subject A
(b) Orientation profile of the lumbar spine, Subject B
Figure 9.5: Lumbar spine orientation in the sagittal plane for two subjects lifting a
light and heavy box plotted against normalised time, showing the longer duration of
Phase 1, ‘bum-shoving’, at increased loads.(Three complete lifts shown.)
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(a) Orientation profile of the pelvis, Subject A
(b) Orientation profile of the pelvis, Subject F
Figure 9.6: Pelvis orientation in the sagittal plane for two subjects lifting a light and
heavy box plotted against normalised time, showing the longer duration of Phase 1,
‘bum-shoving’, at increased loads.(Three complete lifts shown.)
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(a) Orientation profile of the lumbo-pelvic joint, Subject E
(b) Orientation profile of the lumbo-pelvic joint, Subject D
Figure 9.7: Lumbo-pelvic joint angle plotted against normalised time for two subjects
lifting a light and heavy box. 1 = slow extension phase (light lift). 2 = rapid extension
phase (light lift). Ex = extension phase (heavy lift). Flex = flexion phase (heavy lift).
* = loss of control. (Three complete lifts shown.)
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the start angle and the maximum flexion angle (end of Phase 1), increased significantly
with weight. The magnitude of the ‘over-extension’, defined as the difference between the
maximum extension angle and the finish angle, showed no significant changes with weight
for either segment. ‘Over-correction’, the difference between the local maximum flexion
angle and finish angle (as indicated by OC in Figure 9.3(b)), appeared to decrease with
weight for both segments.
9.2 Lumbo-pelvic kinetics
Moment, shear and compressive forces were estimated from the ground reaction force and
segmental kinematics using the model described in Chapter 3. Moment arm was defined as
the horizontal distance between the calculated L-P junction and the sensor on the weight.
Joint force data was very noisy and trends could not be reliably derived from the data;
therefore only the timing and magnitude of peak values were considered.
9.2.1 Lumbo-pelvic moment
In the main, the profile of lumbo-pelvic moment at low loads showed less variation in terms
of shape and timing of key characteristics between subjects than the segment kinematics.
The extensor moment decreased steadily from the start, plateauing towards the end of the
lift and reached a minimum value at or shortly before the end of the lift. Figures 9.8(a),
9.8(b), 9.9(a) and 9.9(b) show the deviations from this pattern.
The medium weight bar induced an initial increase in moment and an increased
rate of change of moment (Figure 9.8(a)). Further increases in bar weight caused a ‘double
peak’; moment about the joint decreases rapidly, then at approximately 50% of the lift, the
moment increased briefly before decreasing towards the end of the lift. When the ‘double
peak’ was present at low loads, the increased load served to accentuate these peaks (Figure
9.8(b)).
During box lifting, the profile became less consistent as the weight was increased.
The development of two features were apparent; an increase in moment during the early
9.2 Lumbo-pelvic kinetics 160
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stages and the ‘double peak’. The timing and magnitude of these events showed large
degrees of variation between subjects (Figures 9.9(a) and 9.9(b)).
Table 9.3 shows the average L-P moments normalised to system weight (total weight
of subject and external load) and normalised to external weight.
Table 9.3: Mean and standard deviation of lumbo-pelvic moment for box and bar
lifting tasks. (S) denotes normalisation to system weight. (W) denotes normalisation
to external weight (n=6)
Box lifting Light Medium Heavy
Av. SD Av. SD Av. SD
Start moment -683.91 125.23 -677.81 158.60 -651.75 123.21
Start moment (S) -7.26 1.65 -6.42 1.66 -5.51 1.04
Start moment (W) -44.37 10.18 -24.99 5.00 -16.73 3.34
Finish moment (S) -1.33 0.89 -1.69 1.04 -1.76 1.04
Finish moment (W) -7.92 5.16 -6.55 4.06 -5.28 3.27
Peak absolute moment (S) -7.68 2.04 -7.46 1.48 -6.60 1.15
Peak absolute moment (W) -46.52 9.79 -29.04 5.02 -19.89 2.69
Bar lifting Light Medium Heavy
Av. SD Av. SD Av. SD
Start moment -709.39 175.60 -645.46 128.13 -785.05 185.07
Start moment (S) -6.90 1.29 -5.43 0.83 -5.88 1.74
Start moment (W) -32.06 9.07 -16.48 3.16 -14.41 5.21
Finish moment (S) -1.06 1.12 -0.68 0.84 -1.42 0.92
Finish moment (W) -4.81 5.32 -2.07 2.53 -3.39 2.06
Peak absolute moment (S) -7.20 1.41 -6.51 1.45 -7.67 0.43
Peak absolute moment (W) -33.44 9.64 -19.73 4.78 -18.60 2.54
During box lifting, normalised start moments decreased with weight. However,
normalised finish moments did not show a trend with load. Moments at the start and
finish of bar lifting tasks did not appear to be related to external loading.
9.2.2 Lever arm
Large differences were seen in the relative distance between the weight and the L-P joint.
The lever arm at the end of the lift was always smaller than the initial lever arm. However,
this distance did not necessarily decrease constantly throughout the lift, rather, some
fluctuations and increases in value are seen.
In Figure 9.10, it can be seen that the lift was performed very differently by the
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(a) Lumbo-pelvic moment during bar lifting, Subject 4
(b) Lumbo-pelvic moment during bar lifting, Subject 1
Figure 9.8: Moment acting about the lumbo-pelvic joint for light, medium and heavy
bar lifting plotted against normalised time for two subjects. Block arrows indicate
large initial increases in moment. Vertical and horizontal line arrows indicate the
magnitude and timing of the ‘double peak’. Three complete lifts shown.
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(a) Lumbo-pelvic moment during box lifting, Subject 2
(b) Lumbo-pelvic moment during box lifting, Subject 7
Figure 9.9: Moment acting about the lumbo-pelvic joint for light and heavy box lifting
plotted against normalised time for two subjects. Block arrows indicate large initial
increases in moment. Vertical arrows indicate the difference in finish moment between
light and heavy lifts. Horizontal line arrows indicate the timing of the ‘double peak’.
Three complete lifts shown.
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subjects. The smooth reduction in distance as seen with Subject A was the expected
profile. The second peak in the pink trace (Subject B) is indicative of poor co-ordination
as the weight is moved out during the lift to avoid hitting the knees. The distance through
which the bar moved was smaller for this subject resulting in a large lever arm; this would
suggest that the L-P moment will be greater as it is a function of this lever arm. The bar
was brought very close to the body by Subject C but this distance increased towards the
end of the lift.
Figure 9.10: Plot of the horizontal distance between weight and lumbo-pelvic joint
against normalised time for light bar lifts. Vertical and horizontal block arrows,
indicate initial and late increases in lever arm respectively. Line arrows indicate the
total change in lever arm. Three complete lifts shown for three subjects.
Subjects were more inconsistent in the way in which heavy bar lifts were completed.
All three traces in Figure 9.11 show an increase in lever arm towards the end of the lift.
Subject B showed some ‘learning’ effects as the lever arm was reduced to minimise L-P
moment and the latter two lifts were more consistent. Subject E showed the least amount
of consistency; this may be indicative of inexperience or poor technique.
The profile of the light box lift showed the most inter-subject similarity. With the
exception of a few subjects, the moment arm decreased in a linear manner during the lift,
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Figure 9.11: Plot of the horizontal distance between weight and lumbo-pelvic joint
against normalised time for heavy bar lifts. Three complete lifts shown for three
subjects.
Figure 9.12. This was also evidenced in the majority of subjects performing the heavy
box lift with a slight tendency to move the box away at the end of the lift. Examples of
lifts that were performed in a very different manner are shown in Figure 9.13. Subject A
reduced the lever arm rapidly at the start of the lift; this will minimise the effect of the
external weight on L-P moment. Subject C also exhibited this rapid decrease in distance
but also showed a tendency to move the box away at the start. However, the small lever
arm was not maintained and there were fluctuations which suggest a lack of control.
9.2.3 Compressive and shear forces
In order to compare data across subjects and lifts, each trial was normalised to system
weight and body weight, where system weight is the sum of the participant’s body weight
and the external load. Table 9.4 shows the average compressive and shear forces at the
L-P joint as an absolute value and after normalisation. The timing of these peak values
are also shown.
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Figure 9.12: Plot of the horizontal distance between weight and lumbo-pelvic joint
against normalised time for light box lifts. Vertical block arrow indicates increase in
lever arm towards the end of the lift. Three complete lifts shown for two subjects.
Figure 9.13: Plot of the horizontal distance between weight and lumbo-pelvic joint
against normalised time for heavy box lifts. Vertical block arrows indicate increase in
lever arm. Line arrows indicate a rapid reduction in lever arm. Three complete lifts
shown for two subjects.
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As expected there was a significant increase in absolute compressive and shear
values as the external load increased. However, there was also a significant increase in
normalised force values; this would suggest that external load was not the only factor in
determining spinal loading. The shear component of loading was larger than expected,
being of the same order of magnitude as the compressive forces. The timing of these peak
values did not show significant differences except for the timing of the peak shear force
during box lifting.
9.3 Comparison between bar and box lifting
A two-way repeated measures ANOVA was performed on the lifting data. Significant
effects due to the change in task were observed in the following parameters; duration of
lift, pelvis and lumbar over extension and the range of motion of the lumbar segment.
Maximum compressive load was significantly lower during box lifting but shear forces
were larger when normalised to external load. Significant effects of increasing weight
were observed in a large number of variables; these are summarised in Table 9.5. Other
parameters did not reach significance.
There was a significant interaction between task and weight for the duration of the
lift, F(2,12) = 4.34, p<0.05. The estimated marginal means plot indicates that the effect
of task increases with weight. The start and finish positions of the lumbar spine and pelvis
did not show any differences between bar and box lifting, though there appeared to be a
slight reduction in initial lumbar angle during box lifting; this is likely to be the result of the
larger height of the box from the ground. However, lumbar angles increased significantly
with external weight (F(2,12) = 5.02, p<0.05 and F(1.21, 7.27) = 15.1, p<0.025) for start
and finish angles respectively). Flexion of the L-P joints occurred during the lift for both
tasks; the magnitude of this additional flexion phase appeared to be greater in bar lifting
but occurred later in box lifting. Lordosis of the spine at the end of the lift reduced
significantly with increased weight.
The magnitude of ‘bum-shoving’ and ’over-extension’ of both pelvis and lumbar
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segments were influenced by increasing weight. The interaction between the task and
weight variables was greater with the heavier loads. However, the total range of motion
of the pelvis did not show any differences between tasks.
Lumbo-pelvic moment was greater for box lifting than bar lifting tasks. This sug-
gests that the shape of the lifted object influences L-P moment. The effect of weight was
greater in box lifting than in bar lifting tasks. No significant differences in the absolute
magnitude of ground reaction force were seen; however, the weight-normalised GRF did
reach significance. GRF was greater in box lifting tasks but showed a decrease with increas-
ing weight. Estimated marginal means indicated that the effect of task was greater at the
lower loads. Similarly, values of compressive and shear forces normalised to external load
showed a significant decrease with increasing external weight. Box lifting decreased the
compressive load (normalised to system weight) but increased shear loading (normalised
to external weight).
9.4 Subject group differences
Due to the low number of volunteers in the healthcare worker (n = 2) and weightlifter
groups (n = 1), no statistical analyses could be performed. Here a descriptive summary
of the results are presented and any visible differences from the Rowers are noted.
9.4.1 Bar lifting
The two Nurses completed the lift with different spinal kinematics. The first volunteer
performed both light and heavy lifts with a parabolic movement profile similar to that
seen previously in Figure 9.2(a). This was true for both pelvis and lumbar segments. The
second Nurse had a different bar lifting profile to all the other tested volunteers. The
pelvis and lumbar angles were maintained or slightly extended at the start of the light
lift; this is followed by a period of flexion, indicated by the ‘star’ in Figure 9.14. Unlike
the Rowers, there is no evidence of lumbar over-extension and ‘rock-over’ to compensate
for this delayed ‘bum-shove’. The heavy lifts showed little consistency. However, there
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are similarities in the response to the increased load with the Rowers; the ‘bum-shove’ for
both segments was more pronounced and occured later.
Neither subject demonstrated the ‘double peak’ in lumbo-pelvic moment but the
initial increase seen previously with the Rowers is present. The response in increased
loading increases the magnitude of change in moment and delays the timing of this peak
(Figure 9.15).
The distance between the bar and lumbo-pelvic joint (lever arm) showed that both
subjects moved the bar away during the course of the lift before bringing it close to the
body during the latter half of the lift. Only two of the eleven Rowers tested had the same
profile at low loads. However, this increase in lever arm is not uncommon at the higher
loads as five of the Rowers also performed the lift in a similar manner.
No results were available for the weightlifter as the raw input data files were too
noisy for processing.
Figure 9.14: Pelvis and lumbar spine orientation in the sagittal plane for one Nurse
lifting a light and heavy bar plotted against normalised time. Horizontal arrows
indicate timing of maximum lumbar flexion, vertical arrows indicate the change in
pelvic angle and the star indicates the start of lumbar flexion. (Three complete lifts
shown.)
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Figure 9.15: Lumbo-pelvic moment and lever arm for one Nurse lifting a light and
heavy bar plotted against normalised time. Vertical arrows indicate difference in
initial lever arm magnitude and horizontal arrows indicate timing of maximum lumbo-
pelvic moment. (Three complete lifts shown)
Table 9.6: Key differences in bar lifting technique between rowers and nurses
Rowers Nurses
Pelvis/Lumbar motion Tri-phasal Bi-phasal
Bum-shove, Over-extension and Rock-over Bum-shove and Extension
L-P moment Double peak Single peak
Moment arm Tends to decrease throughout lift Increases at start of lift
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9.4.2 Box lifting
For the Nurses, the motion profile of the pelvis appeared to be similar to that of the
Rowers. There was a parabolic profile and the degree of pelvic ‘bum-shoving’ increased
with load. The only difference in response to the increased loading was the reduced range
of motion. Rowers tended to increase pelvic movement with loading. The start position
was achieved with a lower degree of forward flexion at the higher load but the finish
positions are consistent between loads. The Weightlifter did not perform the box lifting
tasks with the consistency or smoothness of the other 2 subject groups. Timing of the
posterior rotation phase varied throughout and there was a sudden deceleration of the
pelvis (Figure 9.16). ‘Bum-shoving’ did not appear to be as pronounced and the start
position did not change at the higher loads.
Figure 9.16: Pelvis orientation in the sagittal plane for one Nurse and Weightlifter
lifting a light and heavy box plotted against normalised time. Horizontal arrows
indicate increase in pelvic angle and the black arrow highlights a sudden change in
orientation.(Three complete lifts shown, angles in degrees.)
As previously observed with the Rowers, the motion of the lumbar spine mirrors
that of the pelvic segment. The Nurses showed a shift from a parabolic to a biphasic profile
as the loading was increased due to the presence of the ‘bum-shove’. The Weightlifter
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showed poor consistency in terms of the magnitude and timing of the ‘bum-shove’. The
lumbar profile also showed a sudden change in acceleration (Figure 9.17). The differences
in spinal kinematics are clearly seen in Figure 9.18. Whilst the Nurse maintained extension
of the L-P joint throughout the lifts, the Weightlifter showed a period of rapid extension
followed by flexion (indicated by arrow 1), no L-P motion (arrow 2) and marked changes
in L-P acceleration.
For the Nurses , the start and end L-P moments do not appear to be influenced
by external load. This is not in agreement with the results of the Rowers. Neither the
Nurses nor the Weightlifter showed evidence of an increase in moment during the initial
stages of the lift (Figure 9.19).
The lever arm between the L-P joint and the external weight showed that the
Nurses moved the heavy box away at the start of the lift whereas the Weightlifter tended
to decrease this distance quickly, Figure 9.20. The Weightlifter was also able to position
themselves closer to the weight so as to reduce the lever arm at the start of the lift.
Figure 9.17: Lumbar spine orientation in the sagittal plane for one Nurse and
Weightlifter lifting a light and heavy box plotted against normalised time. Vertical
arrow indicates a decrease in lumbar angle and the black arrow highlights a sudden
change in orientation.(Three complete lifts shown.)
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Figure 9.18: Lumbo-pelvic angle for one Nurse and Weightlifter lifting a light and
heavy box plotted against normalised time. Arrow 1 indicates a rapid change in
angle, arrow 2 indicates no change in angle and the black arrow highlights a sudden
angular acceleration. (Three complete lifts shown.)
Figure 9.19: Lumbo-pelvic moment for one Nurse and Weightlifter lifting a light and
heavy box plotted against normalised time. (Three complete lifts shown)
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Figure 9.20: Plot of the horizontal distance between weight and lumbo-pelvic joint
against normalised time for one Nurse and Weightlifter lifting a light and heavy box.
Arrow 1 indicates an increase in lever arm and arrow 2 indicates a rapid decrease in
lever arm. (Three complete lifts shown)
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Chapter 10
Discussion
This study has used a dynamic rigid-body linked segment model to analyse two sagitally
symmetric lifting tasks; the lifting of an Olympic barbell and the lifting of a weighted
box. The kinematics and kinetics of the lumbo-pelvic (L-P) joint and lower body have
been examined for a group of trained rowers, based on the model described in Chapter 3.
Two occupationally trained healthcare workers and one competitive weight lifter were also
tested to assess any potential differences in technique. During this test, the workload was
normalised to each individual participant’s capability and the use of weight increments
allowed a range of work intensities to be investigated. The effect of increasing work load for
each lifting task on L-P joint loading and lifting technique were assessed for each volunteer.
This chapter presents a discussion on the results of the study and the implications of these
findings.
10.1 Data Acquisition and processing
Previous work has demonstrated the accuracy of the Flock of Birds and its use for tracking
spinal motion (Bull and McGregor, 2000; McGregor et al., 2004, 2005). Testing of the
forceplate in Chapter 7 has shown that it is suitable for the measurement of kinetic data.
In this project, the two systems are combined for the simultaneous acquisition of kinetic
and kinematic data. Despite differences in acquisition rates, the software was able to co-
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ordinate the operation of both systems and incorporate the separate streams of data into
the biomechanical model without any loss of information. The discrete nature of the FOB
data and the low acquisition rates meant that interpolation and significant post-processing
was needed. On the whole, the system performed well supplying the investigator with real-
time displays of ground reaction force and sensor position in the sagittal plane.
The results of this study were limited by both the quality and quantity of the
acquired data. The inter-group comparisons that this study aimed to perform were not
possible due to the low number of volunteers in the Nursing and Weightlifting categories.
The number of tests that each subject could perform was restricted in order to minimise
the effects of fatigue; this contributed to the lack of data.
Of the acquired data sets, a number of files were not suitable for analysis. For
some subjects, one or more recordings were extremely noisy; this is most likely to be due
to external interference affecting the accuracy of the Bird sensors or the distortion of the
Birds magnetic field. As a result, only seven complete sets of data were available for
comparison in the Rowers groups. In order to work at the same intensity as the other
subjects the weightlifter was tested with much greater external loads. However, the larger
metal component of the weights being lifted caused too much disturbance to the operation
of the sensors and the bar lifting data from the Weightlifter could not be used.
In the main, the digitisation of joint landmarks was performed successfully. How-
ever, if the recorded data was affected by interference then it was not possible to accurately
determine the joint centres. This had a detrimental effect on the study as all the data from
that subject could not be used regardless of the quality of the recorded lifting data. It
is not known why some tests were affected by interference whilst others were not; further
work is needed to clarify the factors which influence interference and noise.
Ground reaction forces (the output of the forceplate) were expected to be noisy as
the summation of the individual load cell signals can magnify any deviations. This was
smoothed using a second order Butterworth filter before being used as an input in the
lower-body model. However, the calculated joint forces and moments were found to be
noisier than expected making it difficult to identify the true value of loading. This is likely
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to be due to the cumulative errors resulting from the bottom up analysis or noise from
the position data being introduced during the modelling process. It was not expected that
this error was due to the noise in the kinetic data due to the large magnitude of the ground
reaction force. The effects of filtering on the joint velocity and joint moments are shown
in Figures 10.1 and 10.2. It is clear that the choice of filter would make a large difference
to the calculated load as there can be a ten-fold difference in joint velocities depending on
the filter used.
The band-pass filter used (Fstop = 15 Hz) resulted in calculated lumbar moments
ranging between 400 and 1000 Nm, compressive loads between 500 and 1100 N with shear
loads of about 600 to 1000 N. The external load being lifted varied from 10 kg to over
70 kg. To put these values into perspective, previous research has suggested that the
compressive and shear loads at the L-P joint during the lifting of a 22.7 kg weight was
approximately 900 N and 350 N respectively (Marras et al., 2003). However, lumbar loads
quoted in literature are not consistent; a previous study by Marras and Granata (1997a)
reported that a 27.3 kg weight resulted in a loading of almost 3000 N in compression and
870 N in shear. Similarly, Dolan and Adams (1998) found loads of up to 3500 N when
lifting 10 kg with lumbar moments of over 200 Nm.
The lumbar moments calculated for the light lifts are of the same order of magnitude
as those quoted by Dolan and Adams (1998). The differences in these values may be due to
errors in segment velocity measurements or the anthropometrics of the body. Compressive
and shear forces are subject to the same sources of error. Further work is required to clarify
how the accuracy of the model may be improved and why it would appear that compressive
loads are affected more whilst the shear forces are of the right order of magnitude. Further
filtering may be necessary but this may remove important variations and events in the
data.
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(a) Filter 1 (Fstop = 6 Hz)
(b) Filter 2 (Fstop = 20 Hz)
Figure 10.1: Effect of filter on calculated joint velocity
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(a) Filter 1 (Fstop = 6 Hz)
(b) Filter 2 (Fstop = 20 Hz)
Figure 10.2: Effect of filter on calculated joint moments
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10.2 Kinematics
A few changes were observed in the kinematics of the L-P junction as the weight of the
external load and the loading task were varied. There was a large degree of variation in
the data; lifting technique was inconsistent both inter- and intra-subject. This may have
implications in the interpretation of lifting studies.
10.2.1 Lifting technique
Statistical analysis of the bar and box lifts did not show many significant differences in the
technique used. This is most likely due to the large variations combined with a relatively
small sample group. Such variability is not uncommon; Cholewicki et al. (1991) showed
that, even at high levels of training, subjects employed different lifting strategies for similar
tasks.
Whilst not statistically significant, it would appear that the start and finish posi-
tions for the two tasks are achieved in a different manner. The lumbar angles are similar
but there is more anterior rotation of the pelvis and hence a greater degree of flexion at
the L-P joint (p<0.025) with the bar lift. Both lifts are performed with a degree of ‘bum-
shoving’; the trunk is being ‘left’ behind whilst the legs are extending. Brown and Abani
(1985) found similar results and suggested that this may be a result of the hip extensor
muscles being weaker than the knee extensors.
The box finish position appears more upright, with less forward rotation of the
pelvis and lumbar segments and less extension of the L-P joint. This was not expected;
it had been hypothesised that the larger dimensions of the box in the anterior-posterior
direction would make it more difficult to achieve an upright position. The awkward ge-
ometry of the box may have served to reduce the range of motion of the lumbar spine and
over-extension of the L-P segment instead.
This reduced range of motion may be related to the lower lumbar angular velocity.
The lower velocity and smoother segment profiles suggest that the box lift was completed
with more control than the bar lift. The lack of any over-extension of either the lumbar
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spine or pelvis may provide further evidence of this greater control. However, the time
delay (dT) between the start of the leg extension and the vertical movement of the weight
is greater for a box lift. This would indicate that the subject was not sufficiently prepared
and hence the force generated from the legs was not transmitted to the box effectively.
The kinematics of lifting appears to be influenced by the shape and distribution of
the external load in addition to the weight of the load.
10.2.2 The effect of external load
The results clearly show that the subjects altered their lifting technique to compensate
for higher loads. Despite high variability in the data, both within- and between- subjects,
certain characteristics are seen across the group which suggests that the subjects respond
to heavy loading in a similar manner.
There were no statistically significant differences in the start position for the heavy
bar lift compared to the light bar lift, Table 9.1. This indicates that the subjects did
not modify their body positions in preparation for the heavy loading. However, there
was significantly more flexion of the lumbar spine and L-P joint (p<0.025 and p<0.050,
respectively) in the start position of the heavy box lift, Table 9.2. This suggests that the
subjects tended to position themselves ‘over’ the box rather than in front of it, possibly
in an attempt to reduce the effective lever arm. This concept of keeping the load close to
the body is often enforced in lifting guidelines1.
L-P flexion was observed to increase during the lift and the magnitude of this tended
to increase with load. Such trends in lumbar kyphosis have been observed previously
(Maduri et al., 2007). For both tasks, there was significantly less L-P extension compared
to their lighter counterparts at the end of the lift, Table 9.5. This failure to attain the
full range of motion can therefore be attributed to the additional weight. As before, there
was more L-P extension for the bar lift; the geometry of the box affects the L-P rhythm
(ratio of lumbar spine motion to pelvic motion).
The development of the greater over-extension of lumbar spine and pelvis during the
1Health and Safety Executive ’Getting to grips with manual handling: A short guide’, 2007
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heavy bar lift implies the increased role of the hip and back extensors in force production.
The dependance on the vigorous extension of the back to maintain motion of a heavy load
is also seen in box lifting. Combined with the altered start position, this would suggest
that the volunteers know that they will rely on the movement of the upper body to lift the
heavier weights. This has been observed previously in occupational lifts by Authier (1996),
where the body weight was used to transfer momentum to the load in order to initiate
and maintain movement of the weight. The role of increased back movement, especially
as a result of fatigue, in force production has also been noted by Holt et al. (2003) and
Sparto et al. (1997). Increased flexion of the back would allow greater contribution of the
passive tissues in supporting the external load.
For both tasks with an increase in load, the peak pelvic velocity increases whilst
the lumbar velocity decreases slightly. This is partly in agreement with MacKinnon and
Li (1998) and Sparto and Parnianpour (1998), who found that both pelvic and lumbar
velocities decreased with heavier loads. It would seem that the Rowers may have developed
the necessary hip and lumbar musculature to maintain higher segment velocities or are
applying the technique learnt from weight-training to the box tasks. However, only the
increase in bar pelvis velocity was significant; further work is needed on a larger cohort of
subjects to establish this theory.
MacKinnon and Li (1998) also noted that lighter loads result in smoother angular
lumbar velocity profiles and the risk of trauma is increased by sudden changes in velocity
which causes a ‘jerk’ on the spine. This concurs with the observed multi-phased angular
profiles and hence angular velocity. By inference, the lifts which show tri-phasal pelvic or
lumbar motion are likely to place the spine at greater risk of injury.
The Nurses showed a much reduced range of pelvic motion with increased box
weight whilst the Weightlifter and Rowers were able to maintain the range of move-
ment. The Nurses are likely to have weaker hip extensors as they have not had the same
weight training as the other subjects. Further evidence of training effects are seen as the
Weightlifter uses the same vigorous back motion as the Rowers, which the Nurses are
unable or unwilling to perform.
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Muscle strength is obviously a factor in determining lifting technique but flexibility
and motor control may also play a role. The magnitude of pelvic bum-shove does not
increase with weight. The movement of the pelvis is controlled by the hip extensors and is
therefore limited by the muscle length; these are already in tension at the start of the lift
due to hip flexion and hence there is little scope for more forward rotation during the lift.
On the other hand, the lumbar spine is in a more ‘neutral’ position and a larger degree of
forward flexion is possible before muscle limits are reached. This may explain why pelvic
‘bum-shove’ is less than lumbar ‘bum-shove’.
The duration of the lift for all subjects tended to increase with load; this is in line
with the findings of Enoka (1979). This relationship may be due to the subject choosing
to perform the lift with more control to prevent injury or because the subject lacks the
muscular strength to accelerate the weight sufficiently. This second reason appears more
likely especially when considering the lack of consistency which reflects inadequate control
or strength.
10.3 Kinetics
As discussed previously in Section 10.1, there are a number of errors which may have
resulted in values of loading that do not correlate with those quoted in the literature.
However, given that these errors are systematic and consistent throughout the model, it
can be assumed that the trends observed when the task or weight is changed still hold
true even though the magnitude of these values may not necessarily be correct. In this
section, the relationship between task, weight and kinetics are discussed.
L-P moment at the start of the lift did not vary with external weight. This is not
an unexpected finding as the lifting strength and moment that can be generated is limited
by the lumbar muscle physiology and factors such as the muscle cross sectional area and
relative alignment. The external load may be offset by recruiting secondary muscles such
as the hip flexors (Marras et al., 2002) but in order to lift heavier weights then other
factors must come into play once the physiological maximum has been reached.
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Changes in lifting technique may be used to optimise the available muscle moment.
This includes changing the timing of the lift, the sequencing of body motion or the effective
lever arm. Enoka (1988) has previously found that weightlifters increased power output
then changed the timing of power generation in response to increasing external weight.
This may explain the presence of the ‘double peak’ during the heavy bar lifting as the
subjects ‘re-use’ the extensor muscles to complete the lift. A similar phenomenon known
as the ‘double knee bend’ is observed in weightlifters; two phases of knee extension are
used to lift a weight allowing the subject to re-employ the knee extensor muscles through
their strongest range of motion (Enoka, 1979).
Ground reaction force (normalised to external weight), GRF(w), was shown to be
significantly smaller for bar lifting tasks and to decrease with increasing weight. This would
suggest that the subjects are less effective during the box lifting and need to generate more
force to lift the same weight. The inverse relationship between GRF(w) and weight would
also support the idea that changes in technique are used to maximise available muscle
power. Here, the lifting technique must become more efficient as the weight increases if
the lift is to be completed. This may also explain the decrease in normalised shear forces
with weight.
Body segment orientation and body position relative to the external load have both
been shown by this study to vary with loading. It has been suggested that L-P moment
increases with trunk forward flexion due to the additional upper body weight that must be
supported in this flexed position (Lavender et al., 2003). A vertical trunk during lifting has
been shown to lower lumbar loading and L-P moment (Cholewicki et al., 1991; Schipplein
et al., 1990). This appears to support our findings where there is significantly more flexion
of the lumbar spine with the heavy box and normalised start moment increases. However,
upper body position is not the only factor in determining L-P moment. The lever arm has
been found to be the most important factor in determining lumbar loading (Granhed et al.,
1987). This would explain why subjects tried to reduce the lever arm quickly during the
first half of the lift. The poor co-ordination exhibited by some subjects as a movement of
the bar away from the body to avoid hitting the knees is a feature that has been observed
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in inexperienced lifters (Brown and Abani, 1985); although experience with lifting does
not necessarily correlate to low lumbar moments (Cholewicki et al., 1991). Clearly, the
geometry of the box prevents it from being brought as close to the body as the bar; this
resulted in greater L-P moments for all the box lifting tasks. However, subjects tended to
reposition the load closer to the body to minimise the bending moment which is in line
with findings in literature (MacKinnon and Li, 1998).
10.4 In search of the ‘Ideal’ lifting technique
At first glance, lifting appears to be a simple movement - the extension of the legs and
trunk in order to raise a weighted object. However, the ‘correct’ lifting technique, if such
a thing exists, is the subject of much debate. The two extremes of lifting technique are the
‘leg lift’ and ‘back lift’. The ‘leg lift’, also known as the squat lift, is performed with the
knees flexed whilst maintaining the natural curvature of the spine; this is the technique
advocated in the adage “Lift with the legs, not the back”. The ‘back lift’, also known
as the stoop lift, is performed with the hips and lumbar spine in forward flexion and the
knees held in extension (Figure 10.3).
Recommendations of the leg lifting technique have been made for a number of years.
Straker (2003) noted that one of the earlier historical references suggested the avoidance
of using a bent back during lifting (Brackett, 1924). However there is a lack of evidence
that would justify this advice and its perceived role in reducing back injury. In a review
of the squat and stoop lifting techniques, Burgess-Limerick (2003) concluded that “there
is unlikely to be a single ‘best technique’ that is appropriate in all situations”. Evidently,
the criteria for an ‘ideal’ lift is dependant on the desired outcome; for example, spine
protection, lowest risk to other joints, minimal muscular effort or maximum lifting ability.
Occupational lifting, weight-training and competitive weightlifting are clearly per-
formed with very different aims in mind, but are these end goals adequate justification for
the various techniques taught? The Health and Safety Executive suggests:
“Start in a good posture. At the start of the lift, slight bending of the back,
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Figure 10.3: The continuum of start positions and related lifting movements as defined
by Sedgwick and Gormley (1998)
hips and knees is preferable to fully flexing the back (stooping) or fully flexing
the hips and knees (squatting). Don’t flex the back any further while lifting.
This can happen if the legs begin to straighten before starting to raise the
load.2”
On the other hand, weightlifting coaches recommend:
“Pull against the bar so that the arms are straight and the low back is flat
or slightly arched. You will lean forward slightly, but distribute your weight
evenly on the feet. Inhale. Lift the bar off the floor by forcefully extending the
knees and hips. Keep the shoulders in front of the bar and keep the bar close
to the shins. Do not let the hips rise faster than the shoulders. Just after the
bar passes the knees, drive the hips forward.3”
These quotes highlight some of the variations in technique and starting positions
advised, namely in the curvature and position of the spine. Flexion of the lumbar spine,
2Health and Safety Executive ’Getting to grips with manual handling: A short guide’, 2007
3www.healthline.com, accessed June 2008
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kyphosis, allows more of the loading to be transferred to the ligaments; these have a
larger moment arm compared to the erector spinae muscles and hence less stress is placed
on the lumbar spine (Gracovetsky et al., 1990). Such passive tissue strain provides part
of the necessary extension torque and results in reduced activity of the lumbar erector
spinae; this phenomenon is known as ‘flexion relaxation’ (Toussaint et al., 1995) and may
be advantageous in terms of energy expenditure. However, hyper-flexion places greater
stresses on the ligaments which may result in damage (Adams and Dolan, 1995). It has
been suggested by Straker (2003) that a less kyphotic posture should be assumed as “one
would prefer muscle tissue injury rather than a ligament injury due to the muscles’ abilities
to heal.”
A straight- or flat-back posture would tend to equalise the compressive stress across
the intervertebral disc such that stress concentrations are minimised. It has been sug-
gested that expert weightlifters adopt the flat back posture for this reason (Dolan and
Adams, 2001). In practice, however, it has been observed that many weightlifters choose
to ‘lock’ their lower backs in hyper-extension (hyper-lordosis). This provides stiffness as
the apophyseal joints of each vertebrae are forced into contact and no more extension is
possible. It has been suggested that these postures are used as it is easier to maintain this
extreme curvature during a lift than it is to control the muscles needed to hold the spine
in a neutral position4 but excessive extension may damage the apophyseal joints (Adams
and Dolan, 1995; Dolan and Adams, 2001).
The emphasis of weight-lifting is to increase power and strength, the end result
of which is the ability to lift heavier weights. The stiff hyper-lordotic spine allows the
force generated by the knee and hip extensors to be transferred more effectively through
the trunk to the weight. In theory, this permits heavier weights to be lifted but places
excessive loading on the apophyseal joints and increases the shear component of the spinal
loading. This is not to say that the occupational lifting technique is ‘safer’; it merely shifts
the load away from the lumbar vertebrae to the ligamentous structures and the thoracic
spine.
4Personal Communication- Daniel Cleather, English Institute of Sport, Strength and Conditioning
Coach
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Similarly a review by van Dieen et al. (1999) concluded that neither the ‘leg lift’ nor
the ‘back lift’ is safer than the other. The ‘leg lift’ has the advantage of a neutral spine
under reduced loading and distributes the remaining load more evenly over the spinal
structures (Cole and Grimshaw, 2003; Dolan and Adams, 2001) but this occurs at the
expense of greater loading at the extremities, in particular, increased knee moments (Cole
and Grimshaw, 2003; Dolan et al., 2001; Schipplein et al., 1990). The more upright back
position also serves to decrease L-P moment (Cholewicki et al., 1991). However, it has
been observed that there is reduced activity of the quadriceps muscles with the vertical
trunk position (Carlsoo and Molbech, 1966 as cited by Schipplein et al, 1990) as the
strength of the knee extensors are reduced due to the muscle length-strength relationship
(Burgess-Limerick, 2003). In addition the start position reduces stability, as a full squat
cannot be achieved with the heels lifting from the ground (NIOSH, 1981 as cited by
Burgess-Limerick, 2003). These findings would imply that large loads cannot be lifted
with this technique. Indeed, studies have suggested that the straight legged back driven
lift is employed when lifting heavier weights or when the quadriceps have become fatigued
(Dolan and Adams, 2001; Schipplein et al., 1990; Traffimow et al., 1993). Given the
biomechanical and physiological constraints when external loading is increased, Schipplein
et al. (1990) goes as far as to suggest that “With heavy weights, however, the knee bend
method no longer appears rational, or maybe even possible.”
As mentioned previously a fully flexed spine would maximise passive tissue strain
(Toussaint et al., 1995); this may decrease the loading at the lumbar erector spinae but
the shear component of force is increased (Bazrgari and Shirazi-Adl, 2007). A back lift
also involves less movement of the upper body mass (Burgess-Limerick, 2003) and may
result in lower metabolic expenditure and higher efficiency (Hsiang et al., 1997; Schipplein
et al., 1990) Aside from the potential physiological advantages, the stoop lift allows better
knee clearance (during the squat lift, the knees may obstruct the vertical movement of
the weight). Perhaps, more importantly, this technique reduces the lever arm (Cholewicki
et al., 1991) whilst placing the hamstrings in a stronger position (Burgess-Limerick and
Abernethy, 1997). This is probably why the ‘back lift’ is the technique of choice for both
skilled weightlifters and experienced manual handlers (Authier, 1996; Souza and Shimada,
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2002).
Breathing is often timed to coincide with the lifting exertion; this may serve to
increase intra-abdominal pressure or help maintain co-activation of the abdominal muscles;
these have a probable role in stabilisation of the spine (Cholewicki et al., 1999; Gardner-
Morse and Stokes, 1998). Loss of stability, for example as a result of ligament creep,
can increase the risk of injury (McGill, 1997). Acute injury of the spine due to one
time loading is uncommon as it requires a combination of high compressive load and
hyper-flexion (Adams and Dolan, 1995); injury is more likely due to the accumulation of
micro-damage resulting from repetitive loading.
10.4.1 ‘Bum shoving’: Good or bad??
Both occupational and weightlifting techniques suggest that ‘bum-shoving’ should be
avoided. It appears to be a technical flaw as the initial extension of the knees does
not move the weight but ‘bum shoving’ may in fact be used to a kinetic advantage. The
start position is consistent with that of a ‘leg lift’ but after the ‘bum shove’ it is effectively
a ‘back lift’. This reduction in lever arm (Cholewicki et al., 1991) may make a load easier
to lift or allow a subject to lift more. On the other hand, it could be indicative of a lack of
muscular control. Further work with EMG may be necessary to investigate muscle activity
and co-ordination.
Similarities may be drawn between the rowing and lifting motions. The start or
‘catch’ position is achieved by flexion of the legs and forward rotation of the pelvis and
lumbar spine. The ‘drive’ phase is comparable to a lift with a horizontal line of action;
the knees extend followed by the posterior rotation of the pelvis and spine. ‘Bum shoving’
is considered to be a technical flaw in rowing as the forces generated by the leg extension
are not transferred effectively into movement of the boat. This may reflect a compromised
trunk stabilisation mechanism (McGregor et al., 2002) as a result of injury, fatigue or
muscle weakness (Holt et al., 2003; McGregor et al., 2004).
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10.5 Summary of findings
The study has demonstrated a change in lifting technique with weight and task. Kypho-
sis and ‘bum-shoving’ tended to increase with weight during the lift. EMG studies will
indicate if these are the result of a shift to ‘stoop’ lifting to maximise passive tissue strain
or lack of muscular control and injury. Trends seen in LP moment and ground reaction
force suggest that lifting technique becomes more efficient as the external load increases.
During all the lifts the lever arm was reduced; this will reduce the moment acting about
the spine. It is not known though, if the lifts are performed this way because the subjects
have previously been taught to ‘keep the load close to the body’ or because this is simply
the most comfortable method of lifting.
Furthermore, despite no specific lifting guidelines being given, from visual inspec-
tion, all subjects employed an intermediate starting posture, the ‘semi-squat’. This avoids
knee and lumbar joint extremes of range and is thus likely to reduce the risk of injury to
the ligaments. As debated by Straker (2003), there is insufficient evidence to support the
use of this technique as a good compromise between squat and stoop lifting. Indeed, it
may combine the negative aspects of both techniques. However, it would seem that this
is the style of lifting adopted by all the subjects tested and suggests that this is the most
‘comfortable’ or ‘natural’ method of lifting.
There is a plethora of evidence for and against both squat and stoop lifting. One
can only conclude that lifting technique must be a tradeoff between various factors. No
technique is able to optimise all the biomechanical and physiological criteria, let alone the
subjective views and performance demands of the lifting population.
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Chapter 11
Conclusions
Low back pain is a highly prevalent complaint within the general population; repetitive
lifting and high spinal loading are thought to be major contributing factors in the onset
of this disorder. The relationship between lifting technique and the spinal loading has
previously been investigated in occupational settings. However, these studies have failed
to consider the separate elements of the back. A multi-segmental model of the spine
is therefore needed. Research to date has studied manual handling and weightlifting
separately with no consideration as to what may be learnt from each activity in order to
reduce the prevalence of injury whilst maintaining good lifting ability. This study aims
to address this issue by providing the necessary tools to investigate the kinematics and
kinetics of the L-P joint during lifting.
11.1 Summary
The purpose of this research was to investigate the loading and movement character-
istics of the lumbo-pelvic joint during sagitally symmetric lifting. A total of 19 vol-
unteers participated in this study; this comprised of 15 rowers, 1 weightlifter and 3
nurses/physiotherapists. However, a large proportion of the acquired data could not be
analysed due to issues with noise and interference; this lack of data is a major limitation
of the study.
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Lumbo-pelvic loading was estimated from ground reaction forces and lower body
kinematics using a novel biomechanical model. Movement of the body was recorded using
the ‘Flock of Birds’ electromagnetic position sensors. A custom forceplate was designed,
built and tested to complete the data acquisition system.
The subjects were instrumented with the sensors and asked to perform a series of
lifting tasks. Weighted boxes and Olympic barbells were used to simulate occupational
lifting and athletic weightlifting respectively. These varied in weight from ‘light’ to ‘heavy’
as determined by each individual.
The data was normalised for ease of comparison between subjects and joint loading
was estimated. Only seven complete sets of data were available for the Rowers. The results
show a large amount of variability but trends were identified. The subjects approached
the light lifting tasks differently; there was more flexion of the L-P joint at the start of
the bar lift. During all the lifts, the lumbar range of motion tended to increase with load,
indicating a shift to back-driven lifting and a reliance on the momentum of the upper
body to move the weights. The development of the greater over-extension of the lumbar
spine and pelvis during the heavy bar lift implies the increased role of the hip and back
extensors in force production.
Ground reaction force (normalised to external weight), GRF(w), was shown to be
significantly smaller for bar lifting tasks and to decrease with increasing weight. This would
suggest that the subjects are less effective during the box lifting and need to generate more
force to lift the same weight. The inverse relationship between GRF(w) and weight would
also support the idea that changes in technique are used to maximise available muscle
power. Here, the lifting technique must become more efficient as the weight increases if
the lift is to be completed.
Moment (normalised to external weight) about the L-P joint was higher in box
lifting tasks due to the geometry of the box increasing the effective lever arm. Absolute
values of moment were not significantly different for higher loads suggesting that there is
a physiological limit to the moment that can be generated by the muscles and that other
factors must affect lifting ability once this maximum has been reached.
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A simultaneous study investigated the potential of the ‘balance board’ method
for measuring pelvic segment mass, which is a necessary input into the biomechanical
model. 21 volunteers were tested; the mass of the calves, thighs, arms and upper body
were measured and the pelvis mass derived as the difference between whole body mass
and the sum of the measured segment masses. Despite previous studies reporting the
ease and accuracy of this method for measuring limb mass, the results were poor. The
measurements were not deemed to be sufficiently accurate for use.
11.2 Future work
Additional work is required before this system can be employed as a diagnostic tool.
Modifications are needed to increase the accuracy of the system and expand the model to
three dimensions. Thus, further development work should seek to:
1. Investigate sources of error in the balance board method and its potential for use in
determining pelvic mass.
2. Quantify and reduce the errors in the Flock of Birds system due to the metallic
components of the forceplate, weights and other external sources.
3. Perform real time data processing so that problems with the data acquisition can be
rectified immediately and testing repeated if necessary.
4. Replace and repair the load cells in the forceplate for three dimensional force data.
5. Expand the model to include medio-lateral movements such as the rotation of the
pelvis or femoral anteversion.
6. Expand the system to acquire data from both legs simultaneously to quantify asym-
metry.
7. Increase the test population such that differences in technique between the trained
and untrained lifters may be assessed.
8. Investigate the gender related differences in technique and spinal loading.
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This system, the associated assessment techniques and the results of the study have
a number of applications in wide-ranging fields. The system may be used for performance
analysis of competitive weight lifting and in sports where with an emphasis on weight
training. Additionally, lessons may be learnt from weightlifting which could be applied
to manual handling to make lifting safer (by lowering joint loading) or more efficient
(requiring less energy). Further contributions to the understanding of manual handling
may be made by investigating the lowering of a weighted box as this has been shown
to exert higher forces on the spine (Davis et al., 1998) and hence may increase the risk
of injury. Clinically relevant potential projects include the investigation of changes in
technique after injury or episodes of LBP.
11.3 Conclusions
Assessment of lifting technique and its relation to joint loading has been investigated in
detail with respect to manual handling. Weightlifting, of an athletic or competitive nature,
has also been studied for the improvement of performance. This is the first study that
attempts to compare lifting technique between subjects with differing types and levels
of training with various lifting tasks. Whilst experience does not necessarily equal lower
stresses or more consistent lifting technique, some effects of training with a weighted bar
were seen to transfer to the box lifting task and vice versa. The results suggest that lifting
technique is more efficient for bar lifting tasks and as external loading increases. These
findings would imply that a compromise may be reached, which combines the advantages
of manual handling and competitive lifting, that could result in a safer and more effective
lifting technique. From a clinical perspective, this may be helpful in both treating patients
and reducing healthcare costs.
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Figure A.1: Master code to calculate loading at lower body joints
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Figure A.2: Code to calculate ankle joint loading
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Figure A.3: Code to calculate sacral joint loading
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A pilot anthropometric study of pelvis mass using the forceplate method – Research
Participant Consent Form
The participant must complete this section him/herseIf
I have read and understood the participant information Yes/No
sheet (dated…………….., version number……………)
I have had the opportunity to ask questions and discuss Yes/No
the study and received satisfactory answers to all my
questions.
I understand that my participation is voluntary and that I Yes/No
am free to withdraw from this study, at any point, without
having to give a reason without my medical care or legal
rights being affected.
I agree to take part in this study Yes/No
I would like to be informed of the results of this study and
any publications involving use of data from this study Yes/No
________________________________________________________________
I understand that an Ethics Committee may review this form as part of a monitoring process.
Participant’s name in block letters………………………………………………………
Signature………………………………….. Date.………………..
Name of investigator obtaining consent………………………………………………..
Signature…………………………………… Date………………...
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A pilot anthropometric study of pelvis mass using the forceplate method Participant
information sheet
You are being invited to take part in a research study.  Before you decide it is important for you to understand
why the research is being done and what it will involve.  Please take time to read the following information
carefully and discuss it with others if you wish.  Ask one of the researchers if there is anything that is not clear
or if you would like more information. Their details may be found at the end of this sheet.  Take time to decide
whether or not you wish to take part.
Purpose of study
Biomechanical modelling, the representation of the human body as simple mechanical systems, is
often used in the study of movement and to investigate the forces experienced by the body. These
studies are important if we are to be able to understand, for example, how a disability might affect
movement patterns or what kinds of activities might exert excessive loads on the body leading to
injury. Accurate modelling requires knowledge of the anthropometry of the body segments, eg,
length and weight.
Many such models and hence anthropometric studies treat the back as a single segment running
from the hip to the base of the skull. Such simple models are unable to account for the natural
curvatures of the spine or its flexibility.
Our new model separates the pelvis from the spine, in order to investigate the loads and movement
at that joint. There is very little data available on the mass of the pelvic segment. Much of it is
outdated or estimated from an individual’s height and weight; there is little personalised or subject-
specific data.
We propose that by using a forceplate (similar to a set of bathroom weighing scales), we can
estimate the masses of the body segments individually. The volunteer adopts a set of prescribed
positions on the forceplate and from the changes in the output force we can calculate the mass of
the segment being moved. This forceplate method has been shown to be accurate by other
investigators; we are modifying the prescribed positions to isolate the data for the pelvis.
This study has 2 aims; firstly to verify the accuracy of this modified method as a means of providing
subject-specific pelvic mass measurements and secondly to produce the basis of a new
anthropometric data set.
Your participation
You have been invited to take part in this study. It is up to you to decide whether or not to take part.
If you do decide to take part you will be given this information sheet to keep and be asked to sign a
consent form. If you agree to take part, you are still free to withdraw at any time and without giving a
reason.
What will happen
You will be asked to attend this test in light clothing so that the weight of your clothes does not
affect the test.
Your height and weight will be measured. Then the length of your limbs will be measured using a
tape measure, by feeling for the bony parts of your body associated with joints. You will then be
asked to lie on the forceplate and then raise your forearm. When the readings have been taken, you
will then be asked return to the lying down position then to raise your whole arm and another
reading taken. There are 5 steps (see picture below): forearm raise, whole arm raise, calf raise,
whole leg raise and sit up (not shown). These determine the mass of the forearm, arm, calf, leg and
upper body respectively. From these measurements and the mass of the whole body, the mass of
the pelvis can be deduced.
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The 5 steps will be repeated for accuracy then if any readings are very different from the first set
then that step will be repeated for a third reading. The test should take no more than 30 minutes.
Risk and benefits of taking part
There is a small risk of some muscle tenderness if you are not accustomed to holding the positions
required. For this reason, all readings will be taken as quickly as possible so that the participants
are not put at risk of overstraining themselves.
We expect all the participants to show a degree of caution and to stop the testing if they feel undue
pain or are unwell.
There is no direct benefit to the participants but the information gathered from this study will be
beneficial to the work of the researchers. This will enable them to further develop models of the
spine that are more realistic.
What if something goes wrong? Indemnity arrangements
If you have any complaints, for example, about your treatment by the investigators or the way the
study is run, please direct these to the Principal Investigator who will deal with them accordingly.
In the event of any adverse effects as a consequence of participation in the study, compensation
arrangements will be governed by the Public Liability and "No Fault" Compensation insurance policy
held by Imperial College of Science Technology and Medicine.
This insurance policy does not cover injuries that occur as a result of procedures that are not in
accordance with the research protocol.  Your right at law to claim compensation for injury where you
can prove negligence is not affected.  Copies of these guidelines are available on request.
Confidentiality
The results of this investigation will be used in a PhD thesis and may be published. By taking part in
this study you are agreeing to the publication of the data generated in this study. All information
which is collected about you during the course of the research will be kept strictly confidential.  Any
information about you will have your name and address removed so that you cannot be recognised
from it. No personal information will be disclosed and numerical ID will be used to identify you in
written material. You will, on request, have access to a summary of the findings and all published
material.
C. Ethics 243
A pilot anthropometric study of pelvic mass using the forceplate method
Version: 1            Date: 27/02/07        Approved by ICREC Page 3 of 3
Funding
This study has no received any funding.
Ethics Approval
This research has been approved by Imperial College Research Ethics Committee.
If you experience pain after the experiment, then you should contact Dr. McGregor (a trained
physiotherapist) for advice. If the pain is very bad, you should consult your GP in the first instance
for medical treatment, then report this pain to Dr. McGregor.
Consent
We will ask you to sign a pair of forms giving your consent to take part in this study. We will retain
one for our records; you will be given the other consent form and a copy of this information sheet to
keep. Please note that you are free to withdraw from the study at any point; you are not obliged to
state any reasons for withdrawal.
Investigators
Miss Clarice Chung clarice.chung@ic.ac.uk 020 7594 0864
Dr. Alison McGregor a.mcgregor@ic.ac.uk 020 8383 8831
Dr. Anthony Bull a.bull@ic.ac.uk   020 7594 5184
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Lumbo-pelvic loading in a model of lifting – Research Participant Consent Form
The participant must complete this section him/herself.
I have read and understood the participant information Yes/No
sheet (dated…………….., version number……………)
I have had the opportunity to ask questions and discuss Yes/No
the study and received satisfactory answers to all my
questions.
I understand that my participation is voluntary and that I Yes/No
am free to withdraw from this study, at any point, without
having to give a reason without my medical care or legal
rights being affected.
I agree to take part in this study Yes/No
I would like to be informed of the results of this study Yes/No
________________________________________________________________
I understand that the Local Ethics Committee may review this form as part of a monitoring
process.
Participant’s name in block letters………………………………………………………
Signature………………………………….. Date.………………..
Name of investigator obtaining consent………………………………………………..
Signature…………………………………… Date………………...
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Lumbo-pelvic loading in a model of lifting – Research Participant Information Card
Please complete this card prior to taking part in the investigation, giving details where appropriate. All the
information you supply here will remain confidential.
Name:
Contact Telephone Number:
Contact Email Address:
Date of Birth: Age:
Occupation/Sport: Male / Female (Delete as appropriate)
Height (m):  Weight (kg):
Have you ever had back pain? Please give details such as location of pain, suspected cause and
treatment received)
Did this result in time off?
Have you had recurring episodes?
Do you have any medical condition or injury that could affect our participation in this study?
Are you currently participating in a study of this kind or have you done so previously?
How many years have you been involved in this sport/occupation?
Please give details of how often you lift/week and an estimate of the loading.
Do you take/Have you taken part in a sport? If so which, and how often do you participate?
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Department of Biosurgery & Technology
Division of Surgery, Oncology, Reproductive Biology &
Anaesthetics
Imperial College London
Biodynamics Laboratory, 7
th
 Floor
Charing Cross Hospital Campus
Fulham Palace Road, London W6 8RF
Tel: +44 (0)208 383 8831
Fax: +44 (0) 208 383 8835
a.mcgregor@imperial.ac.uk
www.imperial.ac.uk
11 August 2008 Dr AH McGregor PhD, MSc, MCSP
Senior Lecturer in Biodynamics
Lumbo-pelvic loading in a model of lifting – Research Participant Information Sheet
You are being invited to take part in a research study.  Before you decide it is important for you to understand why the
research is being done and what it will involve.  Please take time to read the following information carefully and
discuss it with others if you wish.  Ask one of the researchers if there is anything that is not clear or if you would like
more information. Their details may be found at the end of this sheet.  Take time to decide whether or not you wish to
take part.
Purpose of study
Low back pain (LBP) affects up to 25% of the population every year with a lifetime occurrence of over 80%.
It is clearly a major health concern and this has highlighted the need to understand the underlying causes
and injury mechanisms. Low back pain is often associated with repetitive lifting tasks. High external loading
(such as the lifting of heavy weights) can increase the forces exerted on the spine and may increase the
rate of low back pain.
Literature has not reported a high rate of LBP within weightlifters despite the large weights being lifted. In
contrast, it has been noted that LBP is more common in nurses when compared to occupations which lift
similar or larger weights. This suggests that trained lifters such as weightlifters use a different technique,
which may reduce the load on the spine and hence the risk of injury. We propose that by investigating the
lifting techniques of both trained lifters and lifters with less training (nurses and rowers), it may be possible
to identify factors that lead to increased spinal loading. This study may provide an insight into injury
mechanisms and be used to help prevent injury and aid recovery from LBP.
Your participation
You have been invited to take part in this study as you are a member of one of the subject groups that we
would like to test. We hope to test 10 volunteers from each of the following groups; rowers, weightlifters
and nurses or those involved in jobs that require a lot of lifting.
It is up to you to decide whether or not to take part.  If you do decide to take part you will be given this
information sheet to keep and be asked to sign a consent form. If you agree to take part, you are still free to
withdraw at any time and without giving a reason.
What will happen
A preliminary interview will be conducted by telephone to assess your suitability for this study. Participants
will be asked to fill in a questionnaire-style record card. This will contain personal details such as your age,
height, weight and gender. In addition, it will ask you to identify your subject group (weightlifter, nurse or
rower), your experience in this field (detailing how often and how much you lift) and other factors that which
may influence the occurrence of LBP (such as previous injury or participation in other sports).
Your participation in this study will involve one testing session of approximately one and a half hours.
Reasonable travel expenses (up to the cost of a one-day travelcard on London Transport) will be
reimbursed.
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Some physical measurements will be taken, such as weight, height, leg length, circumference etc. These
are required for the mathematical model to represent your body as accurately as possible. Motion sensors
will then be attached onto your lower leg, thigh, pelvis, lower back and hand. These sensors purely record
how you move. Please note that an adhesive will be used to attach the sensors to your skin and a solvent
may be used to remove it after the test. If you have any concerns about these chemicals or have any
known allergies, please inform one of the investigators.
You will then be asked to lean forward and back as far as possible so that we may record how far your
back moves. You are then ready to begin some of the lifting tests. As lifting has been associated with injury
we will ask you to re-read the Health and Safety Executive’s guidelines on safe lifting before starting (you
will receive a copy of this in advance for you to read at your leisure).
First of all we need to work out what you maximum lifting ability is; that is how big a weight you can lift
comfortably and safely. A trained weights instructor will be on hand to make sure you don’t try and exceed
your limits. You will begin by lifting a medium weight in a box, we will then increase this weight
incrementally until either you or the weights instructor feel that you are no longer able to lift any larger
weights. You will then have a ten minute rest before starting the study protocol.
For the main study we will ask you to perform sets of 10 lifts using 3 different weights whilst standing on a
force platform.  In the first instance this will be weight in a box in front of you; and in the second instance
this will be weights on a weight bar. When lifting with the weight bar we will ask you initially to raise the bar
to knuckle height and then ask you to repeat but this time raise it to your chest. This is to allow you to get
used to using the bar without hurting yourself.
An investigation of this nature requires physical exertion; please wear suitable clothing. You are expected
to compete the number of lifts as specified above but the test will be stopped if you are unable to continue,
feel undue pain or distress or at your request.
There are no lifestyle changes or restrictions associated with this study and there are no side effects as no
drugs are being administered.
Risk and benefits of taking part
There is a small risk of a skin allergy due to the adhesive, as explained earlier. There is also a small risk of
physical injury but this is no greater than that normally associated with lifting activities. We expect all the
participants to show a degree of caution and to stop the testing if they feel undue pain or are unwell.
We believe that the benefits of this study outweigh the risks. It may allow us to identify the causes of injury
and hence reduce the likelihood of low back pain. There is not a direct or immediate benefit to you by
volunteering to take part.
What if something goes wrong? Indemnity arrangements
If you have any complaints, for example, about your treatment by the investigators or the way the study is
run, please direct these to the Principal Investigator who will deal with them accordingly.
In the event of any adverse effects as a consequence of participation in the study, compensation
arrangements will be governed by the Public Liability and "No Fault" Compensation insurance policy held
by Imperial College of Science Technology and Medicine.
This insurance policy does not cover injuries which occur as a result of procedures which are not in
accordance with the research protocol.  Your right at law to claim compensation for injury where you can
prove negligence is not affected.  Copies of these guidelines are available on request.
Confidentiality
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The results of this investigation will be used in a PhD thesis and may be published. By taking part in this
study you are agreeing to the publication of the data generated in this study. All information which is
collected about you during the course of the research will be kept strictly confidential.  Any information
about you will have your name and address removed so that you cannot be recognised from it. No personal
information will be disclosed and numerical ID will be used to identify you in written material. You will, on
request, have access to your data and all published material.
Funding
This research is funded by Imperial College of Science, Technology and Medicine and the Hammersmith
Hospitals Trustees Research Committee. The investigators will not receive any benefits, incentives or
payment above their normal salary for taking part in this research.
Ethics Approval
This research has been approved by Brent Medical Ethics Committee.
Other information
As this research does not require you to take part in an activity that you would not normally do as part of
your sport or occupation, we do not believe that it is necessary for us to inform your General Practitioner
that you are taking part in this study. However, you may wish to consult your GP about your suitability for
this trial if you have any medical concerns.
If you experience pain after the experiment, then you should contact Dr. McGregor (a trained
physiotherapist) for advice. If the pain is very bad, you should consult your GP in the first instance for
medical treatment, then report this pain to Dr. McGregor.
Consent
We will ask you to sign a pair of forms giving your consent to take part in this study. We will retain one for
our records; you will be given the other consent form and a copy of this information sheet to keep. Please
note that you are free to withdraw from the study at any point; you are not obliged to state any reasons for
withdrawal.
Investigators
Miss Clarice Chung clarice.chung@ic.ac.uk 020 7594 5664
Dr. Alison McGregor a.mcgregor@ic.ac.uk 020 8383 8831
Dr. Anthony Bull a.bull@ic.ac.uk   020 7594 5184
